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ABSTRACT
SYNTHESIS AND CHARACTERIZATION OF POLYMERIC ANION EXCHANGE
MEMBRANES

MAY 2016

WENXU ZHANG

B.S., ZHEJIANG UNIVERSITY

M.S., UNIVERSITY OF MASSACHUSETTS AMHERST

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor E. Bryan Coughlin

As alkaline anion exchange membrane fuel cells (AAEMFC) are regarded as promising
and important energy devices, the development of high performance anion exchange membranes
are in urgent need, as well as fundamental investigation on the structure-property relationship,
which are the motivation of this dissertation. Three different polymer systems are presented and
focused on polymer synthesis, material morphology, and ion transport phenomena.
Crosslinked membranes are promising as practical materials, however, the understanding
and further improvement of its performance is hindered by the lack of an ordered morphology or
well-defined chemical structure. In Chapter 2, a series of crosslinked membranes were design to
bear cationic groups organized via covalent linkages, which were synthesized by sequential
reversible addition-fragmentation chain transfer radical polymerization (RAFT), “click” chemistry,
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cast/crosslinking process, and solid state quaternization. Significant enhancement in conductivities
was observed and presumably attributed to the formation of ion transport channels directed by
polycation chains. Excellent membrane performance were observed, including conductivities,
water diffusivities, and fuel cell power densities.
In Chapter 3, phosphonium containing block copolymers were synthesized and subjected
to morphology characterization. Using Small Angle X-ray Scattering (SAXS) and Transmission
Electron Microscopy (TEM), it was observed that these materials form well-ordered morphologies
upon solvent casting, and the ionic block preferred to form a continuous phase. By comparing the
anion conductivities, the matrix in a hexagonal phase was proved to be more efficient in ion
transport than lamellae.
Polycyclooctene (PCOE) based triblock copolymers were synthesized in Chapter 4, by
using a special chain transfer agent (CTA) to mediate Ring-Opening Metathesis Polymerization
(ROMP) and reversible addition-fragmentation chain transfer radical polymerization (RAFT). The
well-defined melting transition (~50 oC) of PCOE enabled the investigation of the thermal
transition in hydrophobic block affecting ionic domain behavior.
Then metal ion doped star block copolymers were investigated in bulk and thin film forms
to demonstrate that the star block copolymer architecture can facilitate microphase separation and
thus the preparation of smaller features. Using an ortho-nitrobenzyl ester junction, triblock
copolymers based on PEO and PSt were synthesized and applied to hierarchical pattern fabrication
in self-assembled thin films.
During these studies, the single monomer insertion methodology was developed for high
efficiency synthesis of (multi)functional RAFT CTAs. The molecular characterization and
controlled polymerization results were documented in Chapter 7.

viii

The last chapter contains outlooks based on the research in this dissertation. Methods to
improve the previously presented materials were listed. Also, fundamental questions were raised
on ion transport membranes, and possible ways to answer them were provided. In addition,
potential research directions are proposed.
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CHAPTER 1

INTRODUCTION

1.1 Fuel Cells
Today the energy sources of our world are based primarily on fossil fuels such as oil, gas,
and coal, which have limited reserves and are being consumed at a very fast rate. At the recent
consumption rates, it is estimated that the reserves of gas and oil will be depleted within this century,
while coal will be exhausted in the next century.1 The consumption of fossil fuels also leads to the
enormous emission of greenhouse gases, which are known to cause degeneration of the earth’s
climate. It is urgent to reduce the usage of fossil fuels to meet the target of limiting global warming
below 2 oC in this century.2 To obtain new sources of energy and reduce the release of carbon
dioxide, one alternative method of energy production is to use a fuel cell. It is an environmentfriendly electrochemical device, which could be used to supply energy for mobile devices, such as
cellphones, and vehicles.3
There are many varieties of fuel cells, all of which are comprised of three major
components: the anode, the electrolyte, and the cathode. The oxidation of fuels is assisted by a
catalyst at the anode, while the oxidant is reduced at the cathode, and a current is produced as
electrons move from the anode to the cathode through the closed circuitry (Figure 1). The
electrolyte is a special substance which transports ions while prevents the passage of electrons.
Hydrogen is often used as the fuel, while in some cases, methanol and even longer-chain alcohols
can also be used.4
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Figure 1: Scheme of a Fuel Cell.
1.2 Proton exchange membrane fuel cells (PEMFCs)
Among all of the membrane fuel cells, PEMFCs are the most developed.5 The specially
designed membranes in which strong acid groups are usually installed separating the two electrodes.
Hydration of the membranes yields ion dissociation and solvation of the proton of the acid groups
present on the polymer. The solvated protons are mobile within the polymer matrix and provide
electrolyte conductivity. The ideal membrane should have low permeability to oxygen and fuel to
prevent efficiency losses. This kind of fuel cell was used in the NASA Gemini series of spacecraft.6
A typical PEMFC is shown in Figure 2.
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Figure 2: Schematic of a PEMFC.
Figure adapted from http://en.wikipedia.org/wiki/Fuel_cell.
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Figure 3: Structures of Nafion® and Other Commercially Available Poly(perfluorosulfonic
acid) Copolymers.
Nafion®, synthesized by conventional free radical copolymerization of tetrafluoroethylene
and a perfluorinated alkyl vinyl ether bearing a sulfonyl acid fluoride group, is the most successful
commercial proton exchange membrane. It has a polytetrafluoroethylene backbone which provides
excellent chemical, thermal and, mechanical stability, and pendent sulfonic acid groups (Figure 3).
The molecular weight (MW) can only be estimated to be between 105 and 106 Da, since accurate
values cannot be determined by light scattering or size exclusion chromatography due to solubility
limitations.7,8 The copolymer morphology is complicated because of several factors: the
3

architecture is a random copolymer and thus possesses no ordered structures; the
polytetrafluoroethylene backbone is semicrystalline; the perflurosulfonic acid groups self-assemble
to form nanostructures. Several models have been proposed to describe the morphology. For
example, the “cluster model” was proposed by Gierke et al., based on small angle X-ray scattering
(SAXS) data, in which the sulfonic acid groups self-organize into reverse micelles which are
clusters as large as about 4 nm, interconnected by pores or channels with a diameter of around 1
nm (Figure 4).9

Figure 4: Schematic of the Cluster Model.
Figure reprinted from Ref 9.
Another more recent model named the water channel model, describes the morphology of
Nafion® as arrays of parallel water channels surrounded by sulfonic acid groups, where ion
transport is facilitated.10 Despite the fact that no model can be proved to perfectly simulate Nafion®,
it has been agreed that the presence of ion transporting channels is critical for ionic conductivity.8
Other similar ionomers are also produced by the Asahi Chemical Company (Aciplex®), the Asahi
Glass Company (Flemion®), and 3M Company.

1.3 Alkaline Fuel Cells
Alkaline fuel cells are among the most efficient fuel cells, which can reach efficiencies as high as
70%.11 The two electrodes are separated by an aqueous alkaline solution of potassium hydroxide
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(KOH). However, the electrolyte is subject to poisoning by carbon dioxide (CO2), since the formed
carbonate precipitates at the electrode, lowering the conductivity and blocking the catalyst surface.
Thus, only hydrogen can be used as fuel and pure oxygen as the oxidant. The strongly alkaline
liquid electrolyte corrodes the device surface, and is hazardous if there is a leak in the system.
An attractive alternative design is to use a polymeric electrolyte membrane, in which the
cations are fixed charge carriers and thus carbonate will not form insoluble crystallites. Therefore,
methanol and higher carbon number alcohols, which are easily transported and have high energy
density, can be used directly in Alkaline Anion Exchange Membrane Fuel Cells (AAEMFCs).3,12,13
Compared to PEMFCs, in alkaline media, the oxidation of methanol is known to be more facile
and carbon monoxide poisoning of the catalysts is less pronouced. Even more encouragingly, nonnoble metal catalyst, such as nickel for the fuel electrode and silver, iron phthalocyanines for the
oxygen electrode have been reported in AAEMFCs, to replace platinum or platinum alloys, which
are the limited options being used in PEMFCs. Another advantage of AAEMFCs is the suppression
of fuel crossover when methanol is used, since the anion transport direction is from cathode to
anode (Figure 5), which is in the opposite direction with methanol diffusion. Finally, oxidative
radical degradation, a significant problem in PEMFCs, has been shown to be prevented in highly
alkaline environments due to much more rapid oxygen reduction reactions. This facilitates the longterm stability of the polymer membrane and thus enables the usage of non-fluorinated polymers,
such as polysulfone, polyethylene, and polystyrene, which can be synthesized via a variety of
polymerization techniques. The wide range of possible polymer backbones provides great
opportunities to reduce the cost of the electrolyte membrane, and, maybe more importantly, to
systematic tune the chemical, mechanical, and electrochemical properties of the polymer matrix.
Since tremendously versatile chemical reactions have been demonstrated efficient and convenient
on these polymers, it is also now possible to carefully investigate how the polymer architecture as
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well as subtle chemical structure, such as the linkage between the ionic group and backbone, can
affect the stability, conductivity, water sorption, and morphologies.

Figure 5: Alkaline Anion Exchange Membrane Fuel Cell.
Figure adapted from
http://en.wikipedia.org/wiki/Alkaline_anion_exchange_membrane_fuel_cells.
One of the most widely quoted concerns with anion exchange membranes (AEMs) is the
lack of chemical stability. The hydroxide anion (OH-) is a strong nucleophile at elevated
temperature, which may lead to direct SN2 substitution reaction as shown. More importantly,
Hofmann elimination dominates in many cases of ammonium degradation (Figure 6). Currently,
most stable ammonium ions described in the literature were designed with the absence of βhydrogens.14,15
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Figure 6: Degradation Mechanism of Ammonium Groups by OH-.
Figure adapted from Ref 4.
Specially designed phosphonium cations have also been reported, with bulky side groups
which not only sterically hinder nucleophilic attack, but also strongly donate electron density to
stabilize the positively charged center.16,17

1.4 Synthetic Anion Exchange Membrane (AEMs)
1.4.1 Anion Exchange Resins
Many reported anion exchange resins are based on copolymers of styrene and
divinylbezene.18 Chloromethylation chemistry was applied to produce benzyl chloride groups,
which were quaternized afterward. The polystyrene backbone is believed to be chemically stable,
however, they may not provide good mechanical properties when serving as membranes. The work
by Tomoi et al. should be noted, since it carefully investigated the stability of different
7

ammoniums.14 It was found that a long alkyl spacer between the ammonium ion and phenyl ring
can further enhance alkaline stability. This was attributed to the elimination of a benzylic carbon
attached directly to the onium ion which is susceptible toward nucleophilic attack.

1.4.2 Polysulfones & Polyethersulfones Random Copolymers
Polysulfones and polyethersulfones are thermoplastic materials with high toughness and
good chemical stability, and dimensional integrity at elevated temperature. These are the most
widely investigated polymer backbone used for AEMs. These polymers are amorphous membranes
with incorporated guanidinium,19 ammonium,20–22 imidazolium,23 and phosphonium ions.17 The
incorporation of cations onto the polymer scaffold can be achieved by a number of synthetic
methods. The functionalization of the polymer precursors used a Friedel-Crafts reaction of
chloromethylation with chloromethyl methyl ether catalyzed by Zn(II). Quaternization of the
benzyl chloride with either an amine, guanidine or imidazole was performed to yield polymers A,20
B,19 and C17 shown below in Figure 7). Suzuki coupling was also reported as a synthetic to install
the ionic groups.24
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A)

Figure 7: Quaternized Poly(ether)sulfones.
A) Poly(arylene ether sulfone) with ammonium substituted fluorenyl groups;20 B)
poly(arylene ether sulfone) with pendant guanidinium;19 C) polysulfone with pendent
phosphonium.17 Figures adapted from Ref 20, Ref 19, and Ref 17, respectively.
A second preparative strategy can be applied to polymers with tolyl functionality present
in the precursor polymer. Random bromination of the Ph-CH3 units can be achieved by reaction
with NBS or Br2.25 Quaternization with a tertiary amine again results in the ammonium ion form of
the polymer for example, the polymer in Figure 8.

Figure 8: Benzyltrimethylammonium Decorated Polysulfone.
Figure adapted from Ref 25.
9

The direct polymerization of monomers with tertiary amines, which can subsequently be
quaternized with iodomethane, is displayed in Figure 9.26

Figure 9: Phenyltrimethylammonium Functionalized Polysulfone.
Figure adapted from Ref 26.
Cationic monomer was directly polymerized (Figure 10). The poly(fluorene ether sulfone)
based material showed impressive hydroxide conductivity (42 mS/cm at 60 oC), which may be
partly due to the relatively high water uptake, which not only give the anions better mobility but
also the chance to form ion transport channels.27

Figure 10: Poly(fluorene ether sulfone) Containing Imidalozium.
Figure adapted from Ref 27.
The robust modification reactions and polymer stability endows poly(ether)sulfone great
potential in AEMFC application. However, the random copolymer nature limits the possibility in
adjusting the polymer architecture for investigation of structure-property relationship, and
tunability of the morphology, water management, and mechanical properties.
10

1.4.3 Polyethylene Based Random Copolymers
Polyethylene based materials exhibit excellent electrochemical and alkaline stability. Their
semi-crystalline nature affords them good mechanical properties. One preparative strategy is to
utilize coordination insertion polymerization, while another strategy requires post-polymerization
hydrogenation on precursor polymers prepared from Ring-Opening Metathesis Polymerization
(ROMP). Due to the hydrophobicity of the polyethylene backbone, these membranes were
insoluble in water or aqueous methanol. In regards to anion transport, linear polyethylene materials
with pendant ammonium (A in Figure 11) and phosphonium (B in Figure 11) cations showed OHconductivities of 22 mS/cm at 22 oC and 65 mS/cm at 50 oC, respectively.16,28 These materials were
reported to be highly stable and processable, however, also their preparation protocol suffered from
multistep synthetic procedure.

Figure 11: Polyethylene Based AEMs.
The backbones were anchored with A) ammonium and B) phosphonium cations. Figures
adapted from Ref 28 and Ref 16, respectively.

1.4.4 Other Non-crosslinked Amorphous Membranes
Polyphenylene precursors, which are prepared by Diels-Alder polymerization and
subsequent bromination, can be cast as membranes from chloroform solution and then quaternized
with aqueous trimethylamine solutions to install benzyltrimethylammonium groups. 29 The water
uptake was high (<130%) and hydroxide conductivity values as high as 86 mS/cm were achieved
at 80 oC. Poly(phenylene oxide), which is another high performance thermoplastic, was brominated,
11

quaternized with imidazole and cast to form a membrane.30 The conductivity achieved with this
backbone was reported to be 70 mS/cm at 60 oC, close to the conductivity values reported for
polysulfone materials. These two materials are displayed in Figure 12. Chu et al. reported a
quaternized material derived from the terpolymer of methyl methacrylate, butyl acrylate and
vinylbenzyl choride.31 However, the longer term stability of acrylate polymers in a caustic
environment will be problematic. Blends of polycation and polyanion have also been reported,
where both ionomers dissolve in water while the blends after removal of excess base were insoluble,
displayed hydroxide conductivities between 9 and 13 mS/cm at 21 oC.32

Figure 12: Polyphenylene and Poly(phenylene oxide) Based AEMs.
A) Polyphenylene with ammonium and B) Polyphenylene oxide with imidazolium.
Figures adapted from Ref 29 and Ref 30, respectively.

1.4.5 Crosslinked Amorphous Membranes
In order to achieve suitable ion conductivity, a high ion exchange capacity (IEC) is
important. However, this often brings several problems. First, the high hydrophilicity due to ionic
groups often makes the membrane dimensionally unstable in water. Second, it lowers solvent
resistance, especially in aqueous methanol, which may cause extensive membrane swelling, suffers
from severe methanol crossover. Chemical crosslinking is one method to solve these problems. 33
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In some cases, the crosslinking take place within the hydrophobic segment. A typical method is to
use dicyclopentadiene (DCPD) as the comonomer in ROMP based membranes, which serves as a
crosslinker. With this methodology, reasonable conductivity was achieved, as high as 14 mS/cm
for HCO3- conductivity with a Ruthenium based cation at 70 oC (A in Figure 13),34 and 28 mS/cm
for OH- conductivity with an ammonium cation at 50 oC (B in Figure 13).35 In other cases, the
membranes were crosslinked at the ionic site, with dual- or multi-functional cations often involved.
A cyclooctene (COE) based membrane (C in Figure 13) reported by Coates et al. showed an
excellent OH- conductivity as high as about 140 mS/cm at 70 oC.36

Figure 13: Crosslinked AEMs Based on PolyDCPD.
AEMs with A) Ruthenium and B) ammonium cations; C) crosslinkable ammonium
monomer. Figures adapted from Ref 34, Ref 35, and Ref 36, respectively.
A special case of crosslinked AEMs is benzyltris(2,4,6-trimethoxyphenyl)phosphonium,
where the phenyl rings are electron-rich, although they are adjacent to the positively charge center
and thus provided the chance to use Friedel-Crafts reaction in membrane self-crosslinking. In the
report by Yan et al.,37 a crosslinked phosphonium membrane showed largely decreased swelling
and increased conductivities. Photocrosslinking was also reported to result in membranes with
reasonable conductivities.38
13

These membranes usually provide good mechanical integrity and controlled water sorption,
which are extremely important from the practical viewpoints of AEMs. However, since the
processability is sacrificed, the membrane processing is limited, which is important to achieve
different thickness, shapes, and alignment and tune the mechanical and electrochemical properties.
It also leads to loss of the possibility of using the membrane as a catalyst ink, which is important
to improve the contact between the electrodes and electrolyte membrane and thus the overall device
performance.39 Moreover, the crosslinked membranes usually provides limited information on the
structure-property correlation, and thus it has been difficult to understand the transport of ions in a
crosslinked membrane. One specially designed crosslinked membrane will be presented in Chapter
2, in which the effect of ion arrangements on conductivities are investigated.

1.4.6 Block copolymers (BCPs)
In BCPs for PEMs have been explored extensively, however in AEMs there have been only
a few reports of BCPs. These BCP have all been synthesized by controlled radical polymerization.
Most of the reports were based on polystyrene as the hydrophobic block, while
poly(hexylmethacrylate) was reported by Hickner and coworkers, the long term alkaline stability
of which, however, is suspect.40 In Elabd’s work, surprisingly, conductivity achieved with block
copolymers was reported to be even higher than that for the corresponding homopolymer, which
was ascribed to a nano-confinement.41 In previous work in the Coughlin research group,
polymethylbutylene block copolymers were synthesized via nitroxide mediated polymerization and
multi-step modification. This study provided one efficient method to avoid the use of a rigid
polystyrene matrix while still retaining good chemical stability (A in Figure 14). Multiblock
copolymers based on polycondensation were reported as well (for example, B in Figure 14).42 The
highest hydroxide conductivity was 150 mS/cm at 60oC, which was attributed, in part, to a
microphase separated morphology. The BCP systems provide the characteristics to investigate how
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the material morphology affects the membrane performance, including conductivities, water
diffusion, and mechanical properties. More discussion on BCPs will be in Chapter 3 and 4.

Figure 14: Examples of BCP Based AEMs.
A) polymetylbutylene based diblock copolymer containing ammonium cations; B)
Multiblock polysulfone based AEM.
Figures adapted from Tsung-Han Tsai’s dissertation and Ref 42, respectively.

1.5 Outline of the Dissertation
Conductivity is the most important property of AEMs, while reasonable water uptake,
chemical stability and mechanical property should also be taken into consideration. In this
dissertation, polymer materials with different architectures will be synthesized to explore structureproperty relationships with a goal being to enhance conductivity. One method for conductivity
enhancement is to pre-organize the ions in a crosslinked membrane, which can assist the formation
of ion transporting pathways. This method will be described in Chapter 2, where the synthetic
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protocol and structure-property characterization are presented. In Chapter 3, a series of block
copolymers containing phosphonium ions are documented, with which ordered morphologies were
achieved and are significantly affected by the bulky size and charged density of the charged block.
This provides the chance to investigate the effect of various morphologies on ion conduction.
Chapter 4 is focused on the synthesis and characterization of triblock copolymers with
poly(vinylbenzyltrimethylammonium) outerblocks and polycyclooctene (PCOE) midblocks. The
melting point of PCOE is around 50 oC, which enables the direct comparison of semicrystalline
and amorphous hydrophobic block on membrane performance. Beside polycation block
copolymers, Chapter 5 documents the morphology of salt doped star block copolymers, synthesized
by controlled radical polymerization, and demonstrates that the polymer architecture facilitates
microphase separation. A major work in the former chapters is to characterize the morphology in
bulk materials, while thin film morphology is investigated in Chapter 6 as well. The synthesis of
photo-cleavable block copolymers is reported and thin films of these were applied to regional UV
exposure to achieve multi-pattern on a single wafer. From the synthesis of block copolymers
mentioned above, a synthetic methodology by single unit insertion technique was developed, and
is discussed in Chapter 7 to provide a feasible pathway towards high efficiency functionalization
of reversible fragmentation-addition chain transfer radical polymerization (RAFT) chain transfer
agents (CTAs).
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CHAPTER 2

CROSSLINKED ANION EXCHANGE MEMBRANES WITH PRE-ORGANIZED
CATIONS

2.1 Polyelectrolyte Materials
Polyelectrolytes, polyelectrolyte hydrogels, and ion exchange membranes all have mobile
counter ions in an aqueous environment. The diffusion of the counter ions depends on numerous
factors such as hydration and ion organization that are, in turn, influenced by the nature of the
oppositely charged polymer. Selective ion transport materials are required for a number of
advanced devices such as, fuel cells,4 electrolyzers,43 rechargeable batteries,44 and water
purification membranes.45 Polyelectrolytes are ionizable polymers, which not only possess some
key properties of but also differ from neutral polymers and salts. Polyelectrolytes have been studied
in dilute solution,46 and also in assembled nanostructures i.e. micelles (particles and layer by layer
thin films).47–49 Due to their dynamic nature polyelectrolytes find applications in drug and gene
delivery, or as surfactants for latex stabilization. However, a lack of dimensional stability limits
their applicability for use in selective ion transport. Dimensionally stable polyelectrolyte hydrogels
can be prepared by either chemical or physical crosslinking to form macroscopic hydrogels.50,51
The polyelectrolyte network in a hydrogel provides controlled diffusivity by electrostatic
interactions, while the major component, i.e. water imparts high mobility for soluble molecules as
well as ions.52,53 However, these hydrogels are limited in applications requiring transport/separation,
at least in part due to a lack of mechanical toughness caused by high water content.
Ion exchange membranes are polyelectrolytes that are designed to exhibit reduced water
sorption to suppress the tendency to form gels or dissolve. Practical strategies include preparing
random copolymer or block copolymer architectures to reduce water sorption thus confining the
polyelectrolyte to the solid state. The ionic groups generally possess strong immiscibility with
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hydrophobic matrix. The strong segregation strength and Columbic interactions drive the ionic
segments to self-assemble into micro-domains that is separated from the hydrophobic phase. In a
random copolymer, such as Nafion®, the ions form clusters, between which the percolation was
demonstrated to be critical for fast ion transport.8,10,54 In a typical block copolymer system, the ionic
block aggregates into microdomains. The nanophases can facilitate anion conduction, while it also
suffers from alignment and grain boundary conditions.55,56 In both cases, the installation of the
hydrophobic segments confined the polyelectrolyte/water phase into isolated nano-domains. This
is a result from the absence of the polyion chain network in a polyelectrolyte hydrogel. Thus, it is
necessary to explore a methodology to bridge polyelectrolyte hydrogels and ion exchange
membranes, in other words, to maintain the polyelectrolyte network while improving the
mechanical integrity.
In this chapter, we demonstrate that enhanced ion conductivities by designing a material
that contains a connected ion networks to direct counterion transport. A versatile method was
devised to organize the ionic groups in the material. Crosslink density and the degree of
connectivity are prescribed by the synthesis of a precursor polymer. A one-step ring-opening olefin
metathesis casting/crosslinking method employing the precursor polymer and a cyclic olefin was
utilized to lock the network structure. Quaternization of the latent functionality on the precursor
polymer installs the ionic species with a pre-determined ion exchange capacity, and controllable
water distribution.

2.2 Experimental Section
2.2.1 Materials
Propargyl para-vinylbenzyl ether (StYne),57 5-azidocyclooctene (AzCOE),16 and 2-cyano2-propyl butyl trithiocarbonate (O-CTA)58 were synthesized via literature reported methods. 4Chloromethylstyrene (4CMS) was purchased from Sigma Aldrich and passed through a basic Al2O3
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column to remove inhibitors. Azobisisobutyronitrile (AIBN) was recrystallized from methanol and
stored at 0 oC before use. Other reagents were used as received without further purification.

2.2.2 Precursor Copolymer Synthesis
First, the random copolymers of 4CMS and StYne were synthesized. A representative
process is as following. 1.51 g 4CMS (9.89 mmol), 0.71g StYne (4.11 mmol), 76 mg O-CTA (0.34
mmol) and 6 mg AIBN (0.037 mmol) were added into a reaction vial with a magnetic stirrer bar.
The mixture was degassed by purging with nitrogen flow for at least 15 minutes and then the vial
was sealed with a rubber septum. The vial was placed into an oil bath at 70 oC. After reacting for
17 hours, the reaction was quenched to 0oC and opened. After precipitation twice into hexanes, the
copolymers poly(4CMS-ran-StYne) were dried in vacuum for 2 days. 1H NMR shows the
compositon to be poly(4CMS22.6-ran-StYne8.1). The MW and Ɖ determined by GPC against
polystyrene standards are 4.4 kg/mol and 1.14, respectively.
In the second step, poly(4CMS-ran-StTCOE) was synthesized. Into a two-necked flask,
570mg poly(4CMS22.6-ran-StYne8.1) (0.95 mmol alkyne groups), 171 mg AzCOE (1.12 mmol) and
77mg bipyridine (0.49 mmol), 4 mL toluene was charged with a magnetic stirrer bar. Sealed with
rubber septums, a long needle with nitrogen penetrating the septum was used to purge the mixture
for 10 minutes. The septum without needle was removed and 20 mg Cu(I)Cl (0.20 mmol) was
added with nitrogen flow. After the flask being sealed again and purged with nitrogen for another
10 minute, the needles were removed and the reaction mixture was stirred at room temperature in
darkness for 2 days. Finally, the mixture was passed through basic Al2O3 to remove copper catalyst
and precipitated into hexanes twice to yield the product. 1H NMR confirmed quantitative
conversion of alkyne groups. The MW and Ɖ determined by GPC against polystyrene standards
were 5.1 kg/mol and 1.21, respectively.
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2.2.3 Membrane Preparation
At 0 oC, 150 mg poly(4CMS239-ran-StTCOE12) and 150 mg DCPD was dissolve in 5mL
chloroform. 4 mg Grubbs’ 2nd generation catalyst (G2) in 1 mL chloroform was transferred into the
polymer solution and stirred violentaly for 30 seconds. The solution was quickly cast onto a clean
Teflon® sheet at 20 oC and covered by a glass petri dish to reduce solvent evaporation rate. After
12 hours, the film was carefully peeled off and dipped into 45 wt% Me3N aqueous solution for
quaternization. After reacting at room temperature for 2 days and 40 oC for 24 hours, the membrane
was washed with pure water and annealed in water at 60 oC for 24 hours. Transmission IR shows
the benzyl chloride positions were quantitatively converted.

2.2.4 Ion Conductivity Measurement
The in-plane conductivity of the membranes was calculated using electrochemical
impedance spectroscopy to measure membrane resistance as given by the equation below.
σ=l/(R*w*t)
Where R is the membrane resistance, l is the distance between the electrodes, w is the width
of the membrane samples, and t is the thickness of the sample. Impedance spectra were obtained
over a frequency range of 1 to 106 Hz using a four-electrode test cell connected to a BioLogic
VMP3 multi-channel Potentiostat. The measurements were made in a TestEquity environmental
chamber to control sample temperature and humidity. The resistance of the membrane was
determined from the low frequency intercept of the Nyquist impedance plot. Experiments were
performed at constant 95% RH, varying temperature from 30-90 °C.
For OH- tests, to ensure that we were measuring the real OH- conductivties instead of
carbonate/bicarbonate, sophisticated exchange/protection procedure was designed. First, the
membrane was ion exchanged into OH- form by immersing in KOH aqueous solution and then
mounted to the testing cell after washing with de-ionized water. After the installation, the AEM
20

was the AEM was ion exchanged further into OH- form with KOH aqueous solution to exclude the
as-formed carbonate/bicarbonate, and finally washed thoroughly inside the chamber.

2.2.5 Small Angle X-ray Scattering (SAXS)
The experiments were performed at The Basic Energy Sciences Synchrotron Radiation
Center (BESSRC) at the Advanced Photon Source at Argonne National Lab on beamline 12 ID-B.
A Pliatus 2M SAXS detector was used to collect scattering data with an exposure time of 1 s. The
X-ray beam had a wavelength of 1 Å and power of 12 keV. The intensity (I) is a radial integration
of the 2D scattering pattern with respect to the scattering vector (q).
Temperature and humidity were controlled within a custom sample oven as described
previously. The humidity of the sample environment was controlled by mixing heated streams of
saturated and dry nitrogen. Sample holders were inserted into an oven environment of 60 oC and
<10% relative humidity. The samples were allowed to dry for 40 minutes before X-ray spectra were
taken. Relative humidity was then ramped to 25%, 50%, 75% and 95% while the temperature was
maintained at 60 oC. The equilibrium time before taking an X-ray spectrum was 20 minutes between
dry, 25% and 50% and increased to 40 minutes between 50%, 75% and 95%.

2.2.6 Membrane Degradation Test
A piece of membrane was cut into several pieces of 5~10 cm2. One cut piece was ion
exchange thoroughly with NaNO3 solution and then the solution was titrated with standard AgNO3
aqueous solution. The rest of the cut pieces were immersed into 1 mol/L KOH aqueous solution
and heated to 80oC. After a certain time period, a piece was taken out and washed three times with
deionized water before applied to ion exchange in KCl aqueous solution. After ion exchange, the
solution was titrated with standard HCl solution. And the membrane in Cl- form was ion exchanged
to extract the Cl- with NaNO3 solution. The NaNO3 solution was titrated with AgNO3 solution.
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2.3 Results and Discussions
2.3.1 Synthesis
To prepare crosslinked membranes with connected ammonium cations, a neutral precursor
copolymer was designed. The “clickable” monomer, StYne, was copolymerized with the
quaternizable monomer, 4CMS, mediated by RAFT polymerization to synthesize poly(StYne-ran4CMS). Due to the relative inertness in radical polymerization, the alkyne groups were preserved.
After polymerization and purification, Cu(I) catalyzed Huisgen [3+2] cycloaddition was used to
“click” AzCOE to the StYne units (Figure 15 and 16). By adjusting the ratio of StYne in the random
copolymers, various extents of connectivity between 4CMS and density of crosslinkable units were
achieved.
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Figure 15: Synthetic Scheme of DXCAm Membranes.
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In the membrane casting/crosslinking, Grubbs’ 2nd generation catalyst (G2) was used,
because of its air stability, excellent tolerance to functional groups and high reactivity. The amount
of G2 was typically at a mole ratio of [G2] to [StTCOE] = 1:10. Dicyclopentadiene (DCPD) was
chosen as the comonomer to form a crosslinked network. A solution of G2 was added to a
chloroform solution of DCPD and poly(4CMS-ran-StTCOE) at 0 oC. After stirring vigorously for
1 minute, the homogeneous solution was cast onto a clean PTFE sheet. Covered by a glass dish,
the solvent evaporation was decelerated and the polymer network slowly solidified at 20 oC. The
neutral precursor polymer was used instead of the quaternized counterpart for solubility and
minimization of phase separation during film formation. After 12 hours, the film was peeled off
from the polytetrafluoroethylene sheet and immersed into aqueous Me3N solution (50 wt%) for
complete quaternization of

4CMS units. Finally, the quaternized membrane was soaked in

deionized water at 60 oC for 24 h to achieve a DCPD crosslinked membrane with connected
ammonium cations (DXCAm). The theoretical IEC can be systematically tuned by varying the ratio
of DCPD to neutral precursor. The highly efficient crosslinking chemistry by ROMP allows for
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preparation of membranes with IEC as high as 3.2 mmol/g. Membranes with higher IECs swelled
excessively in water and lost mechanical integrity. Listed in Table 1 are the membranes which were
synthesized and characterized in this work. The water-uptake (WU) was measured at room
temperature and 100% RH, unless specifically stated.
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Table 1: Summary of DXCAm Membranes.
Membrane #

mol% of StTCOE in
Precursor

a

IEC

WU

(mmol/g)

(wt%)

DXCAm-7%-3.0

7

3.0

70a

DXCAm-26%-2.0

26

2.0

50

DXCAm-5%-1.5

5

1.5

40

DXCAm-5%-2.0

5

2.0

55

DXCAm-5%-2.5

5

2.5

85

DXCAm-5%-2.9

5

2.9

116

DXCAm-5%-3.2

5

3.2

447

Measured in water vapor at 95%RH and 60 oC.

2.3.2 Characterization
The DXCAm membranes are dual networks, a hydrophobic network formed by polyDCPD,
and the other network is overlapping hydrophilic polycation. The networks are linked together by
covalent bonds between the polyDCPD and StTCOE. This crosslinking is necessary in order to
suppress phase separation (Figure 17A). Despite the limited chain mobility, the incompatibility
between the two components provided the driving force for partial microphase separation. For
example, membrane DXCAm-7%-3.0 was synthesized from a precursor with 7 mol% StTCOE and
had an IEC of 3.0 g/mol. Figure 17B shows the small angle X-ray scattering (SAXS) pattern of it
at 60 oC and varied hydration conditions. In dry state, a shallow peak was observed in SAXS
profiles at medium q range. The width of the peak indicated the lack of order in the self-assembled
structure. The d-spacing was on the scale of 20 nm, which was comparable with other DXCAm
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membranes. Considering the large spacing, the feature was likely due to microphase separation
instead of ion clustering. The low peak intensity was a result of the lack of well-defined boundary
between the ionic domain, if any, and hydrophobic matrix. When the membrane was treated with
water vapor, the peak intensity decreased, which was partly attributed to more uniform distribution
of ionic groups. However, the decrease in scattering contrast due to the absorption of water should
be noted. At high q regime (~0.3 Å-1), a broad shallow peak raised upon water swelling and it was
assigned to the water domain59,60.
The Cl- conductivities were measured by impedance spectroscopy. The conductivity values
were 59, 71 and 79 mS/cm at 65, 80 and 90 oC, respectively, with RH fixed at 95% (Figure 17C).
The conductivities were higher than any halide conductivities previously reported and thus strongly
suggested that the ion network design facilitated efficient anion transport.
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Figure 17: Characterization of DXCAm-7%-3.0 and CXCAm-7%-3.0.
A) SAXS profiles of DXCAm-7%-3.0 (circle) and CXCAm-7%-3.0 (triangle) at 60oC; B) the
chemical structure of CXCAm-7%-3.0; C) Cl- conductivities of DXCAm-7%-3.0 (circle)
and CXCAm-7%-3.0 (triangle) plotted against temperature.

2.3.3 Effect of Polymer Structure
To demonstrate the effect of the polyDCPD network, a comparison membrane CXCAm7%-3.0 (Figure 17B) with an IEC being 3.0 mmol/g was synthesized. Utilizing the same precursor
as that in DXCAm-7%-3.0 ensured the formation of an analogous polycation network. The
hydrophobic matrix consisted of a rubbery polyCOE, which showed no crystallization or melting
transition in differential scanning calorimetry (Figure 18) due to the random copolymer structure,
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instead of the thermosetting polyDCPD. For CXCAm-7%-3.0, a strong peak was detected by SAXS
at controlled environmental conditions (Figure 17A). The spacing was determined to be 11.2 nm at
dry conditions, indicating that the polycations were able to microphase separate with polyCOE.
Being treated in humid air (>90% RH), the peak intensity slightly decreased. The d-spacing
increased to 12.1 nm, which was attributed to the swelling of ion-rich domain. Interestingly, at 95%
RH and 60 oC water sorption was measured to be 66 wt%, similar to that in DXCAm-7%-3.0 (70
wt%). We attributed it to the fact that water was absorbed primarily within the ion rich domain of
CXCAm-7%-3.0. The conductivities were measured to be 40, 58, and 69 mS/cm, at 65, 80, and
90oC respectively (plotted in Figure 17C), slightly lower than those of DXCAm-7%-3.0 at similar
testing conditions. It was explained by the constrained ion transport within the ion rich domains,
since ion diffusion through hydrophobic polyolefin domain was extremely slow. However,
membrane CXCAm-7%-3.0 still displayed comparable anions conductivities with DXCAm-7%3.0. This suggested that in this system, microphase separation had only minor effect on anion
transport. Despite strong segregation, the connected cation network still existed in this material.
Upon water sorption, the polycation segments could act as anion transport tunnels to facilitate
percolation.61 The comparison between DXCAm-7%-3.0 and CXCAm-7%-3.0 demonstrated the
effect of matrix on microphase separation and water distribution. However, the morphology had
only a minor effect on anion conductivities, at least in these materials.
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Figure 18: DSC of CXCAm-7%-3.0.
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Figure 19: SAXS Profiles of DXCAm-5%-2.0 and DXCAm-26%-2.0.
The most important feature of DXCAm membranes was the covalent connectivity between
cations. Two membranes with IEC values of 2.0 mmol/g were synthesized for comparison (SAXS
profiles in Figure 19). In DXCAm-5%-2.0, the precursor has 5 mol% StTCOE and the membrane
was crosslinked by DCPD. In this membrane, ~20 cations on average were directly connected,
while membrane DXCAm-26%-2.0, prepared from a precursor with 26 mol% StTCOE, had on
average ~3 cations directly connected along the polymer chain. Similar amounts of water were
absorbed (55% vs 50%) in those two membranes, which was because of the identical IECs. The
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conductivities of DXCAm-5%-2.0 were more than twice as high as those of DXCAm-26%-2.0 at
all temperatures measured (Figure 21A). This could not be ascribed to difference in morphology as
mentioned above, or crosslinking density (Figure 20 shows the crosslinking density, tuned by
varying the ration between G2 and StTCOE, did not affect the membrane wateruptake and
performance), and our explanation was that the organization of cations was critical for the ion
transport. Since most anions reside close to cationic groups due to strong electrostatic interaction,
the anions would replicate the cation distribution. Water molecules, absorbed by the ionic species,
are similarly distributed primarily along the polyelectrolyte chain. When cations were isolated by
StTCOE units, the counter ions were separated as well and at the same time hydration shell
surrounding the ions were relatively discontinuous. The conduction was then limited by the absence
of well-defined percolation pathways.62 On the contrary, when the cationic sites were persistent
along the polymer chain, the anion and water were both organized along the polymer backbone. It
had been found that the anion transport can be accelerated when the motion was directed by the
polycation chain with or without hydration.61,63 It was postulated that the anion diffusion in
DXCAm-5%-2.0 was significantly less retarded by the hydrophobic segments, with the longer
persistent cationic monomer sequence than that in DXCAm-26%-2.0. In addition, the interchain
exchange of anions, assisted by water, provided a percolation pathway for anion motion along the
polyelectrolyte chain. This process was facilitated by the overlap of connected cations acting as
‘network junctions’, which should be more frequent in DXCAm-5%-2.0 with the longer connected
cation sequence than in DXCAm-26%-2.0. Both of the anion transport mechanisms, i.e. motion
along the polymer chain and interchain exchange, were faster than the diffusion in the absence of
well-defined percolation channels. More importantly, they formed the three dimensionally
continuous network of anion transport pathways in DXCAm-5%-2.0, and thus endowed the high
conductivities. This experiment demonstrated that linking the ionic groups together improved both
intra- and interchain ion motion, and we hypothesize that this strategy can also be applied to other
transport/separation materials.
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Figure 20: Effect of Crosslinking Density.
The pictures on the left and right side show the appearance of membrane prepared with
[StTCOE]/[G2] being 3.4 and 48.3, respectively.
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Cl- conductivities of A) DXCAm-5%-2.0 (●) and DXCAm-26%-2.0 (■) plotted versus
temperature and B) DXCAm-5% membrane series plotted against IECs at 65 oC (●), 80 oC
(▲), and 90 oC (■).
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2.3.4 Effect of IEC
Beside high conductivity, this approach was promising for various applications due to its
tunability. As mentioned above, the mechanical properties and water distribution can be tuned by
changing the identity of ROMP comonomer and the neutral precursor composition. Moreover,
starting from the same precursor copolymer, by simply changing the feeding ratio of the precursor
polymer and DCPD, membranes with different IECs were prepared. The conductivities of these
membranes were plotted against IECs in Figure 21B. When the IEC was below 3.0mmol/g, the
conductivity increased monotonically with IEC, due to two reasons: firstly, there were more ions
in high IEC membranes; secondly, ion mobility was raised by increased water uptake. However,
when IEC reaches higher value, in this case, 3.2mmol/g, a drop in conductivities was observed
across all temperatures and the membrane softened, both of which were assigned to overswelling.34

2.3.5 Membrane Performance
The membrane stability was evaluated by degradation experiment in 1M KOH aqueous
solution at 80oC. It was found that the IEC remained stable for at least 24 hours, which indicated
relative stability of these membranes (Figure 22), which was attributed to the absence of β-H in
benzyltrimethylammonium cations avoiding the Hoffmann elimination mechanism.4,64
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Figure 22: Alkaline Degradation Test of a Representative Membrane.
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Having established the alkaline stability, the membranes were evaluated for OHconductivities (Figure 23). Similar to Cl- conductivities, the OH- conductivities were significantly
dependent on the testing temperatures. These conductivity values were much higher than Cl- values,
because Grotthuss hopping mechanism largely facilitated OH- transport under hydrated conditions.
The OH- conductivity of the optimized membrane was higher than 200 mS/cm at 80oC, which was
comparable with the proton conductivity of Nafion®, especially when considering the lower
diffusion coefficient of OH- than H+. As the most important properties of ion exchange membranes,
some OH- conductivities of synthetic membranes, based on either crosslinked34–38,65–69 or block
copolymers41,42,56,70–72, were plotted in Figure 23, along with commercial membrane Tokuyama24
for comparison. The OH- conductivities detected on our materials were among the highest. It was
noticed that most crosslinked materials were with moderate anion conductivities due to the lack of
continuous conduction pathways. However, the material reported by Beyer exhibited promising
anion conductivities, and it was due to the bicontinuous microphase separated morphology.65 Block
copolymers were more scattered in the plot, which was attributed to uncontrolled alignment and
grain boundary conditions.
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Figure 24: Fuel Cell Test.
Membrane DXCAm-8%-2.5, with a thickness of 61 μm, was then applied to fuel cell
performance at U.S. Army Research Laboratory. At 55 oC, the opening circuit voltage was 1.056
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V and the peak power density was as high as 260 mW/cm2 (Figure 24). These results were
extremely promising, when compared with the Tokuyama A901 membrane, which had a thickness
of 10 μm and displayed a peak power density of 215 mW/cm2. This was due to the extremely low
cell resistance, 0.15 Ω *cm2, in DXCAm-8%-2.5 (compared with 0.11 Ω*cm2 in Tokuyama A901).
It is expected that decreasing the thickness in our membranes can further improve the fuel cell
performance.
To testify the potential of these membranes in a wide range of applications, water
permeation was tested. The water vapor flux was detected to be 9.4 * 105 g*μm/m2*day on
membrane DXCAm-8%-2.5 in Cl- form (conditions: 0.8 vapor activity, 500 ccm flow, 35 oC), 30%
higher than that of Nexar®. It was also found that by varying the anion in the membrane, the water
diffusivity can be carefully tuned.

2.4 Conclusions
A crosslinked anion exchange membrane with connected cations was presented in this
work. The membrane was prepared by one-step casting/crosslinking method using a neutral
precursor and a ROMP-active comonomer. By comparing membranes with varied structures, it was
demonstrated that the long range crosslinking of the hydrophobic polyDCPD network locked the
cations into uniform distribution and controlled the morphology, though this did not affect the
conductivities significantly. The connectivity between cations was essentially important for fast
anion conduction, because it provided a directed pathway for ion transport, together with which the
overlap between gave the conduction network. The organization of charge carrier sites may be a
general method applicable to many materials for transport applications. The highest conductivity
was achieved with IEC being around 3.0 mmol/g because of its balanced ion mobility and water
swelling. This method may be a general platform for the design of polymer materials for the
transport/separation of small molecules/ions.
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CHAPTER 3

ANION EXCHANGE MEMBRANES WITH ORDERED MORPHOLOGIES FROM
SOLVENT PROCESSABLE BLOCK COPOLYMERS CONTAINING PHOSPHONIUM
IONS

3.1 Introduction
3.1.1 RAFT Polymerization
Reversible addition-fragmentation chain transfer (RAFT) polymerization is a type of
controlled/living radical polymerization. The general mechanism is shown in Figure 25.73,74 In a
RAFT polymerization, often a very small amount of initiator is used to provide radical input, and
due to the fast, reversible chain transfer the length of every polymer chain is averaged. Since there
is only a very low concentration of radical in the system, chain termination is largely suppressed
and most of the chain-ends (typically > 90%) can preserve a RAFT end-group for further chain
extension. In this technique, to ensure fast reversible chain transfer, the RAFT chain transfer agent
(CTA) needs to be carefully selected with a high chain transfer coefficient (Ctr = ktr/kp >> 1). Most
of the CTAs are a family of chemicals named thiocarbonylthio, as in the general structure shown
below (Figure 25), which includes dithiocarbomate, dithiobenzoate, xanthate, and trithiocarbonate.
Among these reagents, trithiocarbonate is a popular CTA, which is suitable for a wide range of
monomers, including styrenes, methacrylates, acrylates, and even certain dienes, which cannot be
readily controlled by other CTAs. 74–78
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Figure 25: Mechanism of RAFT Polymerization.
Figure adapted from Ref 73.

3.1.2 Block Copolymer Microphase Separation
Microphase separation is a common phenomenon when the block segments in a polymer
chain are immiscible with each other. Depending on the segregation strength (χ), the degree of
polymerization (N) and relative volume fraction of the blocks (f), ordered morphologies are
observed in diblock copolymers, where closely packed spheres, hexagonally packed cylinders,
lamella and gyroid are the most common and accessible morphologies (Figure 26).79,80 The
morphologies are also affected by other factors, such as conformational asymmetry, 81,82 polymer
architecture,83,84 MW distribution,85 and electrostatic interactions.86 This provides a versatile
platform for the investigating the structure-property relationships of polymer materials. It also
provides opportunities to enhance material performance, since functionalities can be incorporated
by introducing different polymer blocks.
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Figure 26: Microphase Separation of Diblock Copolymers.
A) Topological structure of the microphases; B) The theoretical phase diagram of a
symmetric diblock copolymer. Figures adapted from Ref 79 and Ref 80, respectively.

3.1.3 Block Copolymers for AEMs
Compared to the extensive studies on proton exchange membranes (PEMs),87 fundamental
understanding of the structure-performance relationship in anion exchange membranes (AEMs) is
urgently needed. This requires well-defined ionic polymers for AEM preparation and investigation.
The most widely used strategy of AEMs synthesis is through chemical modification of engineering
polymers, such as polysulfone,17,19,22,24–27,88–92 poly(ether ether ketone),33 polyphenylene,15,29,93 and
poly(phenylene oxide).30,94–98 Other strategies include direct polymerization to synthesize
homopolymers99 or random copolymers.16,28,31,100,101 In addition, crosslinked materials have also
39

been reported, where better mechanical properties, higher ion content, controlled water sorption
and reduced fuel crossover could be achieved.34,35,38,67,69,102–105 However, although good membrane
performance has been achieved, the disordered nature of these materials still hinders developing a
more complete understanding of the anion transport.
As demonstrated in PEMs, microphase separation can promote ion transport and water
diffusion.106,107 Recent research has discovered similar effects in AEMs. A few examples of
multiblock poly(arylene ether)s were prepared by polycondensation.42,72,108,109 Faster anion
transport was observed in ordered structures compared to random copolymer counterparts.
Similarly, triblock copolymers with polysulfone as the midblocks were prepared by polymer
coupling and displayed improved anion conductivities.70 Modifying precursor block copolymers,
via chloromethylation or bromination and subsequent quaternization resulted in ionic copolymers
with promising conductivities.40,110,111 Knauss et al.112 and Xu et al.71 reported block and graft
copolymers from end-functionalized poly(phenylene oxide), and good mechanical strengths were
achieved together with remarkable anion conductivities. Direct polymerization was utilized to
synthesize poly(methyl methacrylate) block copolymers containing polymerized ionic liquids.41,62
It was found that in weakly segregated block copolymers, nano-confinement significantly enhanced
anion transport. Strongly segregating block copolymers were crosslinked via ring-opening
metathesis polymerization to provide disordered bicontinuous morphologies.65 Excellent anion
conductivities were achieved, despite the fact that these materials were no longer processable. In
the materials discussed above, it was difficult to directly correlate the nanostructure with the ion
transport behavior because of the lack of long range order.
Well-defined morphologies were observed in a few reports. Polystyrene (PSt) based
imidazolium and ammonium block copolymers were synthesized by controlled polymerization and
quaternization reactions.113 Investigation under anhydrous conditions demonstrated that the
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morphologies, including the connectivity and long-range order, significantly affected the
conductivity. However, these materials showed limited solution processability. Balsara et al. 114,115
synthesized PSt block copolymers using controlled polymerizations, where the bound ion effect
was investigated in lamellar morphologies. An interesting PSt block copolymer carrying
cyclopropenium was reported, where the ionic block with 50% weight fraction formed the matrix
in the hexagonal phase.116 However, there was no detailed discussion on morphological effect on
conductivities. Coughlin et al.117 used atom transfer radical polymerization (ATRP) to chain extend
PSt macro-initiator with vinylbenzyltrimethylammonium and observed ordered lamellar and
hexagonal morphologies. It was found that at low humidities the lamellae forming polymer showed
a sudden conductivity increase when raising the temperature. It appeared that most ordered
morphologies were achieved on PSt block copolymers, as a consequence of multiple reasons. First,
common solvents are available for PSt and certain polyions, such as DMF and DMAc. In addition,
the versatility in polymerization methods facilitates the synthesis of well-defined block copolymers.
Moreover, the segregation strength is high between polycations and PSt, which induces microphase
separation.
In anhydrous ion transport materials, it has been shown that 3-D continuous ionic domain
can provide higher conductivity values than 1-D and 2-D channels.118,119 However, on waterassisted ion transport materials, experimental comparison has been conducted on spherical,
cylindrical, and lamellar morphologies, while the matrix of cylindrical and spherical phases were
scarcely investigated. This was likely due to the fact that the formation of matrices require a high
volume fraction of the ionic block, and can lead to excessive hydration and loss of mechanical
integrity upon water sorption. The over-swelling effect can possibly be suppressed by using a less
hydrophilic ionic species. At the same time, introducing appropriate Columbic interactions86,120–
122

and conformational asymmetry81,123 were demonstrated to effectively shift the morphological

behavior, using both theoretical and experimental methods.
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In addition, solvent processability could possibly introduce ease in membrane fabrication,
domain alignment, and catalyst/electrode assembly. This had been emphasized in tuning the
performance of proton exchange membrane devices.124–127 A key to unlocking the ionic copolymer
solubility challenge might be the identity of the cation. Random copolymers containing
phosphonium ions were processed in the solution state and showed moderate to excellent alkaline
stabilities.16,100,101,128 Homopolymer and block copolymers containing benzyl trioctyl phosphonium
was discovered to be soluble in THF.129 As reported by Yan et al., polysulfone and polyphenylene
oxide with a pendant benzyl tris(2,4,6-trimethoxyphenyl) phosphonium (BzAr3P+) could be
solution processed both as a membrane and as a high performance catalyst ink. 17,98,130 The
promising solubilities of phosphonium cations in various organic solvents, enables the usage of
other hydrophobic blocks to replace the brittleness of PSt. Promising stability and conductivity
were found on the polysulfone containg BzAr3P+, which were attributed to the strong electron
donating effect of the methoxy groups. Based on this robust cation, we devised an efficient
synthetic route to prepare block copolymers containing BzAr3P+ ions and have demonstrated
solution processing to obtain ordered morphologies. Isoprene was used as the hydrophobic block
because of the potential strong phase separation with polyions and attendant mechanical flexibility.

3.2 Experimental Section
3.2.1 Materials
Isoprene was distilled and stored under -30 oC before use. St and CMS (mixture of paraand meta- isomers) were passed through basic alumina and stored at -30 oC before use. Thermal
initiators, 2,2’-Azobis(2-methylpropionitrile) (AIBN) and 1,1'-Azobis(cyclohexanecarbonitrile)
(ACBN) were recrystallized from methanol (MeOH) and stored at -30 °C. Other chemicals were
used as received. 1,4-bis(n-butyl sulfanylthiocarbonyl sulfanyl methyl)benzene (DXB-CTA), 2-
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cyano-2-propyl butyl trithiocarbonate (O-CTA), and S-benzyl-S’-butyl trithiocarbonate (Bz-CTA)
were synthesized using previously reported methods.58,131,132

3.2.2 Synthesis of Phosphonium Monomer
In 25 mL ethyl acetate/THF (4:1 = v:v), 1.992 g tris(2,4,6-trimethoxyphenyl)phosphine
(Ar3P, 3.74 mmol) was dissolved. At room temperature, 640 mg 4CMS (4.19 mmol) was added
dropwise and precipitates formed slowly. The mixture was stirred overnight. The precipitates were
collected and dried in vacuum as 2.338 g white solid (3.41 mmol, 91%) as vinylbenzyl tris(2,4,6trimethoxyphenyl) phosphonium chloride. ESI-MS found 649.1 m/z (M-Cl, theo. 649.3). The
chemical structure and NMR results are shown in Figure 27.
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Figure 27: Chemical Structure and NMR Characterization of Styrenic Phosphonium
Monomer.
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3.2.3 Free Radical Polymerization of Phosphonium Monomer
Phosphonium monomer (679 mg) and 4.0 mg AIBN was dissolved in 7.184 g of DMF. The
mixture was divided into 4 test tubes. Each tube was degassed by purging with nitrogen for 0.5
hour and then sealed. The reaction was started by immersing the test tubes in an oil bath preheated
to 60 oC. Each tube was quenched in ice bath at pre-determined times. By running 1H NMR on the
reaction mixtures, the conversions were calculated (Table 2).
Table 2: Free Radical Polymerization of Phosphonium Monomer.

a

#

[M0]: [I0]: [DMF]a

T(°C)

time(hours)

conversion

1

41: 1: 4035

60

3.5

4%

2

41: 1: 4035

60

10

26%

3

41: 1: 4035

60

24

29%

4

57: 1: 2490

90

6

76%

AIBN was used as initiator at 60 °C and ACBN at 90 °C.

3.2.4 Homopolymerization of CMS
A typical homopolymerization of CMS was as follow; in a tube, CMS (6.05 g, 39.7 mmol)
was mixed with Bz-CTA (331 mg, 0.761 mmol) and AIBN (8.3 mg, 0.051 mmol). After purging
with dry nitrogen for 20 minutes, the tube was immersed in an oil bath at 70 °C for 16.5 hours and
then quench in an ice bath. A small aliquot was removed for determination of percent conversion,
and the rest was diluted with THF and then precipitated into hexanes twice to remove residual
monomer. After drying in a vacuum oven at room temperature for at least 24 hours, PCMS (4.96
g) was obtained. End-group analysis was used to determine the molecular weight (MW) and the Ð
was determined by SEC against PSt standards.
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3.2.5 Homopolymerization of Ip
O-CTA (191.6 mg, 0.441 mmol) and di-tert-butyl peroxide (dtBP, 10 μL, 0.055 mmol)
were mixed with Ip (40 mL, 0.400 mol) in a Schlenk flask. The flask was sealed and stored under
-30oC. Part of it (3-5 mL) was transferred to a Schlenk tube. After 5 cycles of freeze-pump-thaw,
the reaction was sealed under vacuum and heated to 125 oC for 19 hours. The reaction was quenched
in ice bath for 3 minutes and opened to air. Half of the reaction mixture was transferred into a vial
and dried directly in vacuum oven for conversion analysis. The other half was precipitated into
methanol dropwise and the product was dried under vacuum and subject to measure DPNMR. Size
exclusion chromatography was performed in THF on a Polymer Laboratories PL-GPC 50
Integrated SEC system to measure the MW and dispersity (Ð) against PSt standards.

3.2.6 Synthesis of Block Copolymers
A representative procedure was as follow. Telechelic PCMS precursor (MW=10.5 kg/mol,
1.155 g, 0.11 mmol) and dtBP (5 μL, 0.027 mmol) were dissolved in the mixture of Ip (40 mL,
0.400 mmol) and THF (10 mL). 5 cycles of freeze pump thaw was applied. Then the reaction was
tightly sealed under vaccum and then heated to 125 oC for 36 hours. The mixture was diluted with
dichloromethane and slowly dropped into methanol. The yellow product (5.88 g) was collected and
dried in vacuum for at least 48 hours at room temperature. 1H NMR was performed to measure DP
of Ip and SEC (calibrated against polystyrene standards) to measure Ð.

3.2.7 Polymer Quaternization and Membrane Casting
All quaternization reactions were conducted in dark. A typical procedure was simply
mixing 202 mg P(CMS13.2-ran-St14.7)-b-PIp322, 60 mg tris(2,4,6-trimethoxyphenyl)phosphine
(Ar3P), and 1.5 mL chloroform and stored at ambient temperature for at least 24 hours. A small
aliquot was dissolved in chloroform for 31P NMR analysis. The rest of the solution was casted onto
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a clean polytetrafluoroethylene sheet to dry slowly overnight, and the membrane was then peeled
off the substrate. The quantitative conversion of phosphine and benzyl chloride was characterized
by 31P NMR and FT-IR (Figure 28).
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A)

Figure 28: Characterization of Polymer Quaternization.
A) A typical 31P NMR spectrum of quaternization mixture; B) Representative IR spectra
before and after quaternization.
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3.2.8 Ion Conductivity Measurement
The in-plane conductivity of the membranes was calculated using electrochemical
impedance spectroscopy to measure membrane resistance as given by the equation below,
σ=l/(R*W*t)
where R is the membrane resistance, l is the distance between the electrodes, w is the width of the
membrane samples, and t is the thickness of the sample. Impedance spectra were obtained over a
frequency range of 1 to 106 Hz using a four-electrode test cell connected to a BioLogic VMP3
multi-channel Potentiostat. The measurements were made in a TestEquity environmental chamber
to control sample temperature and humidity. The resistance of the membrane was determined from
the low frequency intercept of the Nyquist impedance plot. Experiments were performed at constant
relative humidity 95% RH, varying temperature from 30 to 90 °C.93

3.2.9 Small Angle X-ray Scattering (SAXS)
The testing was performed at The Basic Energy Sciences Synchrotron Radiation Center
(BESSRC) at the Advanced Photon Source at Argonne National Lab on beamline 12 ID-B. A
Pliatus 2M SAXS detector was used to collect scattering data with an exposure time of 1 s. The Xray beam had a wavelength of 1 Å and power of 12 keV. The intensity (I) is a radial integration of
the 2D scattering pattern with respect to the scattering vector (q).
Temperature and humidity were controlled within a custom sample oven as described
previously.133 Typical experiments studied three membrane samples and one empty window so a
background spectrum of the scattering through the Kapton® windows and nitrogen environment
could be obtained for each experimental condition. The humidity of the sample environment was
controlled by mixing heated streams of water vapor saturated and dry nitrogen. Sample holders
were inserted into an oven environment at 60 oC and <10% relative humidity. The samples were
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allowed to dry for 40 minutes before X-ray testing was undertaken. Relative humidity was then
ramped to 25%, 50%, 75%, and 95% while the temperature was maintained at 60 oC. The
equilibrium time before taking an X-ray spectrum was 20 minutes between dry, 25%, and 50% and
increased to 40 minutes between 50%, 75%, and 95%. Soaked membranes were dipped in water
for at least 12 hours and quickly mounted to the sample holders at 95% and subjected to SAXS
testing.

3.2.10 Transmission Electron Microscopy (TEM)
Microscopy was performed on samples prepared using a Leica UCT ultramicrotome
equipped with a cryostage. Sections approximately 50 nm in thickness were cut using a Diatome
diamond knife. High-angle annular dark field scanning TEM (HAADF STEM) was performed
using a JEOL JEM-2100F TEM, operated at 200 kV. A Gatan 806 HAADF STEM detector was
used to collect the dark field images. The TEM was operated at 200 kV, with a 40 μm condenser
aperture, a HAADF STEM collection angle of 36 to 126 mrad, and spot size of 0.2 nm. Gatan
Digital Micrograph was used to collect and analyze the data. In dark field images, high Z regions
appear bright and low Z regions are dark. The TEM images were taken in U.S. Army Research
Laboratory.

3.3 Results and Discussion
3.3.1 Polymer Synthesis
Two possible strategies can be adopted to prepare phosphonium based copolymers, direct
polymerization of a BzAr3P+ monomer or post-polymerization modification of a precursor polymer.
For the former approach, quaternization of 4CMS with Ar3P (Ar = 2,4,6-trimethoxyphenyl group)
resulted in a 91% yield of styrene based BzAr3P+ monomer. However, the radical polymerization
of this monomer was too sluggish to be a practical preparative method. As an alternative synthetic
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approach to prepare the phosphonium homopolymers, we first homopolymerized CMS followed
by the quantitative quaternization with Ar3P. The reaction was highly efficient, where all of the
chloride positions were substituted, as confirmed by the disappearance CH2 wagging band featuring
CH2Cl at 1265 cm-1 in IR spectra.
The fully quaternized homopolymer was soluble in a wide range of solvents: DMF,
alcohols, acetone, together with dichloromethane and chloroform/methanol mixtures (Table 3). The
solubility suggested the opportunity of synthesizing soluble ionic block copolymers containing
phosphonium ions. The density of the fully quaternized phosphonium homopolymer was measured
to be 1.20 ±0.03 g/cm3.
The RAFT polymerization technique was chosen for block copolymer synthesis, due to its
functionality tolerance and mild reaction conditions.134 CMS was polymerized as the quaternizable
monomer. Isoprene was selected to construct the hydrophobic component, for both the material
flexibility and chemical stability. Block copolymers were synthesized by sequential polymerization
mediated by trithiocarbonates.61 In the first step, DXB-CTA was employed for the preparation of
telechelic PCMS, while O-CTA was used to synthesize hemitelechlic PCMS. It was noticed that
DXB-CTA resulted in broader MW distributions compared to O-CTA (Table 4). This phenomenon
was caused by the slow fragmentation to generate a benzylic radical as the new propagating center.
Thus, at the early stage of polymerization, there was a slow generation of polymer chains. Though
broader dispersities were observed, DXB-CTA was still efficient to synthesize telechelic PCMS
chains with trithiocarbonates at each end.
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Table 3: Solubility of Phosphonium Homopolymer.
Solvent

Acetone

Hexanes

CHCl3

CH2Cl2

Solubility

+

-

±

+

Solvent

MeOH

2-Propanol

Ethanol

n-Pentanol

Solubility

+

+

+

+

Solvent

Water

THF

DMF

DMSO

Solubility

-

-

+

+

Solvent

Acetonitrile

Toluene

Ethyl Acetate

Diethyl Ether

Solubility

+

-

-

-

Solvent

CHCl3:MeOH

CHCl3:MeOH

CHCl3:MeOH

CHCl3:MeOH

=20:1 (v:v)

=10:1 (v:v)

=5:1 (v:v)

=1:1 (v:v)

+

+

+

+

Solubility

+ soluble; -insoluble; ± partially soluble.
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Table 4: Chemical Compositions and Morphologies of AEMs.

Triblock
copolymers

Diblock
copolymers

AEM
#

DPCMSa

ƉPCMSb

DPIpc

Ɖd

Qe

IECf

fg

Morphologyh

1

66

1.26

452*2

1.65

45%

0.34

24%

Lamellar

45

2

66

1.26

298*2

1.55

46%

0.44

33%

Lamellar

37

3

19(+19)

1.14

305*2

1.42

quantit.

0.33

22%

Lamellar

27

4

19(+19)

1.14

257*2

1.40

quantit.

0.38

25%

Lamellar

26

5

19(+19)

1.14

232*2

1.40

quantit.

0.41

27%

Lamellar

25

6

19(+18)

1.15

192*2

1.37

quantit.

0.46

30%

Hexagonal

24

7

19(+19)

1.14

145*2

1.30

quantit.

0.54

37%

Hexagonal

22

8

36

1.12

322

1.74

46%

0.45

33%

Hexagonal

35

9

8.8(+8.5)

1.07

516

1.44

quantit.

0.21

13%

Lamellar

46

10

13.2(+14.7)

1.09

488

1.39

quantit.

0.30

20%

Lamellar

42

11

13.2(+14.7)

1.09

418

1.39

quantit.

0.34

22%

Hexagonal

38

12

18(+19.5)

1.08

434

1.44

quantit.

0.41

27%

Hexagonal

45

13

18(+19.5)

1.08

385

1.45

quantit.

0.44

30%

Hexagonal

42

14

21(+23)

1.07

326

1.34

quantit.

0.54

37%

Hexagonal

31

15

21(+23)

1.07

257

1.39

quantit.

0.61

42%

Hexagonal

29

(mmol/g)

54

d-spacing
(nm)

a

Degrees of polymerization of CMS and (St in parentheses) measured by 1H NMR end-group analysis.

b

Dispersity index of macro-CTAs

determined by SEC in THF using PSt standards. cDegree of polymerization of Ip in the block copolymer, measured by 1H NMR. dDispersity index
of block copolymers determined by SEC in THF using PSt standards. ePercentage of quaternization in CMS units. fIon exchange capacity. gVolume
fraction of the ionic block calculated by densities. hThe morphologies of membranes cast from chloroform solutions.
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Figure 29: 1H NMR of PIp Synthesized in the Presence of BzCl.
These polymers were then applied to chain extension with isoprene at 125oC for fast chain
propagation. It was realized that the radical generation rate from thermal initiator intrinsically
affected the polymerization control.76,77,135 To accommodate the polymerization temperature, ditert-butyl peroxide (dtBP) was chosen for its elongated half-life. In order to confirm that the chain
extension with isoprene from PCMS macro-CTA resulted in block copolymer formation, instead
of other chemical structures, the irreversible chain transfer to benzyl chloride moieties was
investigated. To study this possible chain transfer reaction, Isoprene homopolymerization mediated
by Bz-CTA was performed in the presence of benzyl chloride (BzCl, [BzCl]: [Bz-CTA]: [I0] = 108:
1: 0.1) at 125 oC. As monitored by 1H NMR spectroscopy of the resultant polymer, the aromatic
region was integrated to be 4.92 when calibrating the end-group methylene as 2.0 (Figure 29),
which was very close to the theoretical value 5:2. This indicated that BzCl was barely incorporated
into polyisoprene (PIp), which further agreed with the low Ɖ = 1.34, similar to that in a typical
isoprene homopolymerization.77,135,136 So, it was reasonable to conclude that BzCl sites were inert
at isoprene polymerization conditions. On the basis of the above study, diblock copolymers and
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symmetric triblock copolymers were synthesized by chain extension with isoprene from PCMS
macro-CTAs at 125 oC.
The results are summarized in Table 4. With relatively low MWs, PCMS and P(CMS-ranSt) were synthesized, considering that the quaternization reaction with Ar 3P will significantly
increase the final MW. The ratio of isoprene to CMS was tuned to cover a range of volume fractions
after the quaternization reaction, to enable the investigation of material morphology. It was
observed that when the styrenic polymers were chain extended with isoprene, the Ɖs were raised.
It was partly due to the calibration method, which overestimates the MW of PIp.137 Another
contributing factor was that the loading of initiator was relatively high (usually 0.1~0.2 relative to
the concentration of trithiocarbonate end-group), which led to biradical termination as well as the
formation of extra PIp chains. Finally, the reversible chain transfer rate is slow in isoprene RAFT
polymerization, especially when the MW went high, the increased viscosity impeded reversible
chain transfer by limiting the chain end diffusion.
The block copolymers were mixed with Ar3P and stirred in chloroform solution for more
than 24 hours. The reaction was conducted in the dark to avoid side reactions. Unfortunately, the
fully quaternized copolymers were very brittle after casting, which was possibly due to the bulky
size of BzAr3P+. To prepare membranes with reasonable flexibility, only ~0.5 equivalent (relative
to the amount of benzyl chloride moieties) of Ar3P was added to react with the copolymers. After
quaternization, 31P NMR analysis of the reaction mixture demonstrated that the conversion of Ar3P
was almost quantitative (Figure 28). The degree of quaternization was estimated by the feed ratio
of Ar3P to benzyl chloride sites and confirmed by 31P NMR. The final products of the synthesis
described here had a block of CMS and styrenic BzAr3P+ random copolymer (Figure 30). The
resulting ionic copolymers were all soluble in dichloromethane and chloroform, which provided
opportunities for solution processing. Another synthetic strategy was to use a random copolymer
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of St and CMS as the ionizable block to decrease the density of BzAr3P+ groups. Similar chain
extension reactions were used to synthesize PIp-b-P(CMS-ran-St)-b-PIp and P(CMS-ran-St)-b-PIp.
The quaternization reaction was performed using 1.07~1.10 equivalents of Ar 3P relative to the
chlorine atoms to ensure quantitative quaternization.
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Figure 30: Synthetic Scheme of Block Copolymers Quaternization.

3.3.2 Morphology Characterization
The quaternization reaction mixtures were directly cast onto clean polytetrafluoroethylene
sheets. After drying the films, transparent and uniform AEMs were obtained. The morphologies
were analyzed using SAXS. Well-ordered microphase separated morphologies were achieved
despite relatively small DPs, suggesting a large χ parameter between PIp and the ionic block.
Although the chloroform evaporation rate was relatively rapid, sharp primary peaks and higher
order peaks were observed. For example, AEM 4 displayed a lamellar morphology with the peak
position ratios of 1:2:3:4:5:6 (Figure 31). The high order peaks indicate long-range order. This was
presumably a result of the fast self-assembly kinetics. The 4th order peak was suppressed, due to
the form factor cancelling out the structure factor. The d-spacing of AEM 4 was 26.2 nm, which
gave a thickness of the ionic domain being 6.6 nm. This thickness was close to the estimated
contour length (9.8 nm) of the midblock, indicating the high chain rigidity of the ionic polymer
segment. Since solution casting from chloroform was capable of inducing highly ordered
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nanophases, these materials are regarded as processable membranes. No sign of ion cluster was
observed by SAXS due to the distributed positive charge on the bulky cations, which suppressed
the driving force for clustering. It was also found that the membrane morphologies were not
impacted by the changes in environmental humidity (red trace for <5%RH and broken blue trace
for 95%RH in Figure 31), which could be important for the dimensional stability upon hydration
in applications like fuel cells. This was because of the reduced hydrophilicity of the BzAr3P+ cation
with the steric side groups.

AEM 4

I

AEM 7

Q(Å-1)

Figure 31: SAXS Profiles of AEM 4 and 7.
The red traces are at dry conditions and the broken blue lines are at 95% RH.
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A)

B)

Figure 32: Dark field TEM images.
The scale bars are 200 nm for A) AEM 11 and B) AEM 9.
Even more interestingly, the morphological results were far from those predicted based
simply on volume fractions. The morphologies and volume fractions are listed in Table 4. For a
triblock copolymer, lamellar and hexagonal morphologies were observed at low and moderate ionic
volume fractions, respectively, with the transition point seeming to be ~30% ionic block volume
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fraction. The SAXS profiles of AEM 7 were shown in Figure 31 as an example, where peak position
ratios were measured to be 1:√3: √4: √7. Similarly, this membrane showed no obvious response to
water vapor treatment. Further evidence of a hexagonal morphology was achieving by dark field
imaging TEM (Figure 32A). Both hexagonally packed circles and parallel lines were found,
demonstrating the presence of ordered cylindrical domains. In addition, the white contrast of the
ionic domain was the continuous matrix despite the much lower volume fraction than that of the
PIp. This phenomenon was attributed to two factors. The first one was the conformational
asymmetry of the block copolymers, which was caused by the bulky size of the BzAr 3P+ ion. The
end-to-end distances of the ionic blocks were calculated to be approximately proportional to the
DPs, which indicated that the Kuhn length of the ionic blocks should be larger than the end-to-end
distances observed here. The asymmetry ratio ɛ was estimated to be >7, which was expected to
dramatically shift the phase diagram and introduce similarities to the self-assembly of rod-coil
block copolymer.81,138 Also, important might be the electrostatic interaction between the ionic
species. Using a hybrid self-consistent field theory and liquid state theory, it was recently
demonstrated that electrostatic forces are able to shift the phase diagram substantially. 86
Experimentally, salt doping has been widely observed to shift block copolymer nanoscale
morphologies,120–122,139,140 and hexagonal phases with ionic matrix were also observed in block
copolymers with ionic volume fraction being ~50%.67,93 However, there have been no experimental
reports showing continuous ionic domains at volume fractions as low as those observed in this
work.
It was also found that in diblock copolymers the ionic blocks had an even greater tendency
to form the continuous phase. Lamellar morphology, evidenced by both multiple peaks in SAXS
and imaging by TEM (Figure 32B), was achieved at the ionic volume fraction being just 13%.
Similar to triblock copolymers, no ionomer peak and little response to water vapor was detected.
However, it seemed that the lamellar/hexagonal transition point shifted to ~21%. This was
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attributed to the effect of polymer architecture. As theories suggest, the outer blocks of a symmetric
triblock have a larger tendency to form the continuous matrix, compared to a diblock counterpart.83

3.3.3 Ion Conductivities
Three AEMs were investigated in Cl- conductivity (σ) tests at 95% RH by impedance
spectroscopy (Table 5). Among them, AEM 1 and 2 were in a lamellar morphology (Figure 33A).
It was observed that at all testing temperatures, AEM 2 showed higher conductivities than AEM 1.
This was explained by the difference in IECs. AEM 2 possessed a higher IEC, in other words, it
had more ions transporting across the material and thus displayed higher conductivities.
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A)
AEM 1

AEM 2

I

AEM 8

Q(Å-1)
B)

Figure 33: Morphology and Ion Transport.
A) SAXS patterns of AEMs at dry state; B) Scheme of anion transport through lamellar
and hexagonal phase, where the light blue domains are the ionic domain.
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Table 5: Chloride Conductivities of AEMs.

a

AEM

σ(50 oC)
(mS/cm)

σ(65 oC)
(mS/cm)

σ(80 oC)
(mS/cm)

σ(90 oC)
(mS/cm)

1

0.4 ± 0.1

1.3 ± 0.3

3.7 ± 0.9

-a

2

0.7 ± 0.0

1.9 ± 0.2

4.6 ± 0.3

6.9 ± 0.6

8
1.0 ± 0.1
3.5 ± 0.1
10.4 ± 5.3
Inconsistent values were obtained due to membrane failure.

20.6 ± 3.1

However, AEM 8 seemed to be quite different. It was in a hexagonal phase as shown in
Figure 33A, although it had similar ionic volume fraction and IEC with AEM 2. The morphological
difference was attributed to the effect of polymer architecture on self-assembly as mentioned above.
In addition, AEM 8 possessed a comparable d-spacing, which was a result of its MW being
approximately half of that in AEM 2. This facilitated direct comparison between those two
materials. It was found that AEM 8 provided much higher conductivities. The difference could not
be attributed to the minor difference in the IECs, since the conductivities of AEM 1 and AEM 2
were measured to be of the same order, and thus the morphology was presumably the dominating
factor. When Cl- transported through the hexagonal phase in AEM 8, the continuity of the matrix
facilitated the ion motion compared to lamellar phases, due to two factors. First of all, the anion
conduction in AEM 1 and AEM 2 is constrained by the orientation of the lamellae, while the
hexagonal phase has 3-dimensionally continuous matrix so that the ions can move freely in any
direction. Additionally, from the perceptive of the ionic domain shown in Figure 33B, there is either
continuous (green arrow) or discontinuous junction (red arrow) across certain grain boundaries in
a lamellar phase material, which are ion conductive and non-conductive, respectively, while only
the continuous junction exists in a hexagonal phase membrane (Figure 33B). This suggests that the
matrix of a hexagonal phase can be a good candidate for unperturbed ion conduction.
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The highest conductivity achieved was 20.6 ± 3.1 mS/cm at 90 oC on AEM 8 (Table 5).
This conductivity was comparable with other reported copolymers. A phosphonium ion random
copolymer provided 1.3 mS/cm of Cl- conductivity at room temperature.101 In ammonium ion
containing block copolymers with low Tg hydrophobic blocks, Cl- conductivity were reported as
high as 5 mS/cm at 30 oC40 and 13 mS/cm at 80oC.111 In the high Tg PSt based materials, both
imidazolium and ammonium block copolymers showed similar Cl- conductivities of ~15 mS/cm at
80oC,114 while cyclopropenium polymer provided 4 mS/cm at room temperature.116 When taking
the low IECs into consideration, our material seemed to be superior in anion transport. This was
attributed to the continuous morphology and the reduced bounding between phosphonium and Clions. The activation energy of AEM 1 was calculated to be ~102 kJ/mol, significantly higher than
most AEMs reported.20,40,72,114,116 This was attributed to the reduced hydrophilicity of the
phosphonium cations, to which inadequate water was absorbed. Ion exchanging into other more
hydrophilic counter ions, such as hydroxide and fluoride, is expected to enhance the conductivity
and decrease the activation energy.

3.4 Conclusions
The RAFT synthesis of linear block copolymers based on CMS and Ip are reported.
Irreversible chain transfer to BzCl sites was found to be absent. Quaternized block copolymers
were cast from chloroform to form AEMs with well-ordered microphase separated morphologies.
It was found that the phosphonium cations had unique properties. They imparted the polymers
excellent solubility and fast self-assembly behavior, which led to convenient solvent processability.
The phosphonium block preferred to form the continuous domain even at low volume fractions.
The hexagonal phase with phosphonium matrix transported anions faster than a lamellar
morphology. Promising conductivities were achieved at elevated temperatures under hydrated
conditions.
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CHAPTER 4

SYNTHESIS OF IONIC TRIBLOCK COPOLYMERS AND EFFECT OF MELTING
TRANSITION IN HYDROPHOBIC BLOCK

4.1 Introduction
4.1.1 Thermal Transition Effect on Ion Conductivity
In anhydrous polymeric materials, such as salt (lithium salt or ionic liquid) doped polymers
and polymerized ionic liquids, the thermal characteristics (i.e. glass transition and crystallization)
significantly affect ion transport. Most reports were above the Tg of the ion conducting domain,
since the liquid-like material behavior is necessary to provide enough segmental mobility for ion
diffusion.142,143 Often the Vogel-Fulcher-Tammann equation is used to fit the conductivity data,
which correlates the ion conductivity with viscosity usually directly affected by the Tg.143–148 The
crystallization of the ion conduction domain was also investigated and it was found that the
crystallization significantly increased the activation energy, likely due to constrained segmental
movement and morphological contribution.119,149 Surprisingly, the thermal properties of the nonionic domain in a block copolymer system possesses some non-negligible influence on the ion
conduction through the material in a few examples. The transition of the non-ionic domain from a
glassy state into the liquid phase increases the ion conductivity, although the mechanism is not yet
clear.
In contrast, in water assisted ion transport, the conductivities are usually regressed using
Arrhenius-like equations, since the content of water, as a plasticizer, is usually high enough to
reduce the Tg to far below the testing temperatures.20,23,91,93,110,114,116,145 However, behaviors that can
be regressed to Vogel-Fulcher-Tammann equation have also been observed, imparted by the high
Tg polymer backbone and special morphology.98,150 Unfortunately, in a microphase separated
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material, the effect of hydrophobic block thermal transitions remain challenging to understand. The
glass transition of polymethylbutylene (-51 oC) was found to display a small yet non-negligible
effect on the activation energy, as measured by broadband electrical spectroscopy.63 It was also
found that the crystallization of polyethylene block in a proton exchange block copolymer affected
the domain interfaces and thus the conductivity.151 However, this work was based on the
comparison between block copolymers with crystalline and amorphous hydrophobic block, where
the morphology difference brought by processing conditions could not be excluded.
In this chapter, we will investigate a series of block copolymers with polycyclooctene being
the hydrophobic block, which has a melting point of ~50 oC and thus enables direct observation of
the melting transition affecting membrane performance. The block copolymer of PCMS and
polycyclooctene (PCOE) can be synthesized by combining ROMP and RAFT polymerizations and
transformed into ionic BCPs by quaternization reactions.

4.1.2 Ring-Opening Metathesis Polymerization
Ring-Opening Metathesis Polymerization (ROMP) is a high-efficiency polymerization
technique for cyclic olefins, where an organometallic catalyst is used to relieve the ring-strain in
the monomers as the drive force for polymerization(Figure 34).152–155 Grubbs’ catalysts are the most
popular species today, due to the fast propagation rate, mild reaction condition, high stability, and
excellent tolerance to a wide range of functionalities.156–158 Among the reported monomers,
norbornene, cyclooctene, cyclooctadiene, and their derivatives are most often used due to fast
polymerization kinetics, and availability or ease in synthesis. Functionalized norbornene could be
polymerized in a “living” manner with very low dispersity; while polycyclooctene and
polycyclooctadiene generally have Ɖ around 2.0. This is because of slow chain initiation and the
presence of secondary metathesis on the C=C double bonds, which gives the polymerization some
step-growth characateristics.159–162 Recently, molecules containing a reactive C=C (for Grubbs
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catalysts) or C=O (for Schrock catalysts) bond have been utilized as CTAs to mediate ROMP
polymerization the products of which were hemitelechelic or telechelic polymers with the endfunctionalities directly from the CTAs.163–167

Figure 34: Mechanism of ROMP.
Figure adapted from Ref 152.

4.1.3 Triblock Copolymer with Broad MW Distribution
Using the chain transfer ROMP (CT-ROMP) methodology metioned above, telechelic
polycyclooctene and polycycooctadiene (effectively poly(1,4-butadiene)) can be synthesized with
Ɖ being ~2.0. When appropriate functionalites were incorporated at the chain-ends, such as ATRP
initiators, nitroxide groups, and hydroxyl groups (initiator for anionic ring-opening polymerization),
these polymer can be subjected to chain extension to install outerblocks with narrow MW
distributions.168–170 Using this approach, a series of ABA triblocks were synthesized and applied to
bulk morphology investigation. It was found that in the weak segregation regime, a stable
disordered bicontinuous morphology was obtained with the volume fraction of B block being
~50%.171 The critical χN value for ordered microphase separation was reduced by >50%, while the
lamellar window was shifted to the region with dramatically higher volume fraction of the
midblock.172 This phenomenon was caused by two factors. First, the ABA triblock chains with short
midblock acts like dimeric homopolymer and swell the A block domain, which changes the
effective volume fraction, and also increases the conformational entropy for microphase separation.
At the same time, the B blocks with intermediate and long length distribute differently in its domain,
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which increases the entropy of the system as well as forces the interface between A and B domain
to buckle towards the B domain.173–175 However, the effect of Ɖ on ABA triblock copolymers with
intermediate and strong segregation is not entirely clear yet, although phase coexisting and lamellar
phase shifting to a regime with lower B block volume fraction have been observed.176–178

4.2 Experimental Section
4.2.1 Materials
Chloromethylstyrene

(mixture

of

para-

and

meta-isomers,

CMS)

and

4-

chloromethylstyrene (4CMS) were passed through a short column of basic alumina and stored at 30 oC before use. Thermal initiators, 2,2’-Azobis(2-methylpropionitrile) (AIBN) was recrystallized
from MeOH. Using a reported method, 2-cyano-2-propyl butyl trithiocarbonate (O-CTA) was
synthesized.58 Ethyl acetate was dried over magnesium sulfate for at least one day before use. Other
chemicals were used as received without further purification.

4.2.2 Synthesis of Chain Transfer Agent for ROMP and RAFT
In the first step, 1,1'-[(2Z)-but-2-ene-1,4-diylbis(oxymethylene)]bis(4-ethenylbenzene)
(StEneSt) was synthesized by nucleophilic substitution. Sodium hydride (NaH, 60% suspension in
oil, 4.12 g) was stirred with hexanes and then quickly filtered before use. Into a conical flask, 4.3
g KI, 11.03 g 4CMS, 3.04 g cis-2-butene-1,4-diol, and 100 mL DMF was charged at 0 oC. While
stirring the mixture, NaH was slowly added during a period of 10 minutes. One hour later, the
reaction was allowed to warm to room temperature and run overnight. Finally, the reaction was
quenched by slowly adding water. The mixture was partitioned between H2O and diethyl ether. The
organic layer was collected and washed with H2O for 3 times. Finally, the organic layer was
concentrated and purified using column chromatography (hexanes: ethyl acetate = 10:1 as the
eluent) to yield a colorless oil (8.55 g, yield = 77%) as the product StEneSt. The chemical structure
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was confirmed by NMR (Figure 35) and MS (Theoretical 320.2, FAB-MS Found 321.3 for M+H
and 319.3 for M-H).
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Figure 35: Chemical Structure and NMR Characterization of StEneSt.
In the second step, 1.57 g StEneSt was mixed with 2.48 g O-CTA, 305 mg AIBN, and 4
mL ethyl acetate in a Schlenk flask. The yellow reddish solution was degassed by purging with
nitrogen for 20 minutes and then sealed before being heated to 70 oC. Be careful: a significant
amount of nitrogen can be produced and a needle was plugged to balance the pressure. After 48
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hours, the solution was concentrated using and subject to column chromatography using hexanes:
ethyl acetate = 4:1 (v:v) as the eluent to yield a yellow oil with high viscosity as the product R 2CTA (3.56g, yield = 91%). The structure was confirmed by NMR (Figure 36) and MS (Theoretical
786.25, FAB-MS 785.2 for M-H).
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Figure 36: Chemical Structure and NMR Characterization of R2-CTA.
4.2.3 Synthesis of Cyclooctene Containing RAFT CTA
In the first step, 5-hydroxy-1-cyclooctene was synthesized using a previously reported
method.155,179
Secondly, sodium hydride (60% suspension in oil, 1.59 g) was stirred with hexanes and
then quickly filtered before use. Into a conical flask, 4.62 g KI, 5.02 g 4CMS, 3.41 g 5-hydroxy-1cyclooctene, and 50 mL DMF was charged at 0 oC. While stirring the mixture, NaH was slowly
added during a period of 10 minutes. One hour later, the reaction was allowed to warm to room
temperature and run overnight. Finally, the reaction was quenched by slowly adding water. The
mixture was partitioned between H2O and diethyl ether. The organic layer was collected and
washed with H2O for 3 times. Finally, the organic layer was concentrated and purified using column
chromatography with hexanes being the eluent to yield a colorless oil (4.80 g, yield = 74%) as the
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product, StCOE. The chemical structure was confirmed by NMR (Figure 37) and MS (Theoretical
242.17, FAB-MS Found 243.18 for M+H).
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Figure 37: Chemical Structure and NMR Characterization of StCOE.
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In the third step, 3.75 g StCOE was mixed with 3.90 g O-CTA, 340 mg AIBN, and 9 mL
ethyl acetate in a Schlenk flask. The yellow reddish solution was degassed by purging nitrogen for
20 minutes and then sealed before being heated to 70 oC. Be careful: a significant amount of
nitrogen can be produced and a needle was plugged to balance the pressure. After 48 hours, the
solution was concentrated and subject to column chromatography using hexanes: ethyl acetate =
5:1 (v:v) as the eluent to yield a yellow oil with high viscosity as the product COE-CTA (6.28 g,
yield = 84%). The structure was confirmed by NMR (Figure 38) and MS (Theoretical 475.2, ESIMS 498.1 for M+Na).
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Figure 38: Chemical Structure and NMR Characterization of COE-CTA.
4.2.4 Synthesis of Telechelic PCOE
Into a reaction vessel was charged 8.5 g COE, 300 mg R2-CTA, and 4.2 g toluene. The
mixture degassed by purging with nitrogen for 10 minutes at 0 oC and then sealed before 6.5 mg
Grubbs 2nd generation catalyst in 4.3 g toluene was added using a syringe. The solution was
subjected to nitrogen purge at 0 oC for another 10 minutes and then sealed. After reacting for 12
hours at 60 oC, the polymer was isolated by precipitating into large excess of MeOH twice. The
polymer was tested using GPC against PSt standards.

4.2.5 Synthesis of Triblock Copolymer
In a round-bottom flask, 1.8 g PCOE, 5.0 g CMS, and 12.1 g chlorobenzene (ClBz) was
charged and heated at 60 oC to fully dissolve. After being cooled to room temperature, to the
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solution was added 1.5 mg AIBN. The mixture was degassed by purging with nitrogen for 20
minutes and then sealed before being heated to 60 oC to initiate the chain extension reaction. After
a certain period of time, the polymerization was quenched to 0 oC and precipitated into MeOH three
times to remove excess CMS monomer.
To remove PCMS homopolymer, the polymer product was stirred in THF/MeOH (6:5 =
v:v, 20 mL for per gram of polymer) for two days. The insoluble part was filtered and washed with
more THF/MeOH (40 mL for per gram of polymer). The residual polymer was collected and dried
in vacuum. The MW was estimated by NMR end-group analysis, and the molecular weight
distribution was measured by GPC using polystyrene calibration.

4.2.6 Membrane Fabrication
First, a chloroform solution of the purified triblock copolymer was prepared with a
concentration of ~100 mg/mL, where heating may be necessary to ensure full dissolution. When
cooled to room temperature, the solution was cast onto a clean polytetrafluoroethylene sheet and
covered with a glass petri dish to decelerate the solvent evaporation. After 12 hours, the as-formed
film was carefully peeled off and immersed in a trimethylamine aqueous solution (50 wt%) for at
least 3 days for solid state quaternization reaction. The quaternized product, triblock anion
exchange membrane (TAEM) was washed with and then annealed in deionized H2O at 80 oC for
24 hours. The membrane was carefully pressed into water by a small piece of glassware to avoid
floating, because rapid water evaporation at such temperature can damage the membrane.

4.2.7 Small Angle X-ray Scattering (SAXS)
The testing was performed at The Basic Energy Sciences Synchrotron Radiation Center
(BESSRC) at the Advanced Photon Source at Argonne National Lab on beamline 12 ID-B. A
Pliatus 2M SAXS detector was used to collect scattering data with an exposure time of 1 s. The X77

ray beam had a wavelength of 1 Å and power of 12 keV. The intensity (I) is a radial integration of
the 2D scattering pattern with respect to the scattering vector (q).
Temperature and humidity were controlled within a custom sample oven as described
previously.133 Typical experiments studied three membrane samples and one empty window so a
background spectrum of the scattering through the Kapton® windows and nitrogen environment
could be obtained for each experimental condition. The humidity of the sample environment was
controlled by mixing heated streams of saturated and dry nitrogen. Sample holders were inserted
into an oven environment of 60 oC and <10% relative humidity. The samples were allowed to dry
for 40 minutes before X-ray testing were taken. Relative humidity was then ramped to 25%, 50%,
75%, and 95% while the temperature was maintained at 60 oC. The equilibrium time before taking
an X-ray spectrum was 20 minutes between dry, 25%, and 50% and increased to 40 minutes
between 50%, 75%, and 95%. Soaked membranes were dipped in water for at least 12 hours and
quickly mounted to the sample holders at 95% and subjected to SAXS testing.

4.2.8 Ion Conductivity Measurement
The in-plane conductivity of the membranes was calculated using electrochemical
impedance spectroscopy to measure membrane resistance as given by the equation below,
σ=l/(R*W*t)
where R is the membrane resistance, l is the distance between the electrodes, w is the width of the
membrane samples, and t is the thickness of the sample. Impedance spectra were obtained over a
frequency range of 1 to 106 Hz using a four-electrode test cell connected to a BioLogic VMP3
multi-channel Potentiostat. The measurements were made in a TestEquity environmental chamber
to control sample temperature and humidity. The resistance of the membrane was determined from
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the low frequency intercept of the Nyquist impedance plot. Experiments were performed at constant
relative humidity 95% RH, varying temperature from 30 to 90 °C.

4.2.9 Dynamic Vapor Sorption
A DVS-advantage instrument from Surface Measurement Systems was used to study water
uptake of membranes. In a dynamic vapor sorption (DVS) study, measurement of water vapor
uptake and loss of vapor by the membrane is examined gravimetrically. First, the membrane is
dried for 60 min at 60 oC and 0% RH to obtain the dry mass. Following this, RH is increased
gradually in four steps to reach a maximum of 90% RH. At each step, the membrane was allowed
to equilibrate at a particular RH for 60 min.

4.2.10 Mechanical Characterization
Mechanical testing of samples was performed by extentional rheometer tool. Extensioanl
testing was performed on a Sentmanat Extensional Rheometer (SER) (Xpansion Instruments,
Tallmadge, OH) fixture on an ARES G2 rheometer (TA Instruments, New Castle, DE). The SER
tool consists of 2 counterrotating drums, one of the drums is attached to a motor at the bottom and
other drum is attached to a transducer at the top of the instrument. Membrane samples (~ 25mm x
3mm) are clamped to the two drums and tension is applied until the membranes break. SER drums
were modified by fitting clamps with silicone rubber to prevent slippage of membranes.83 Films
were tested at Hencky strain rates that correspond to ASTM D882–12, for tensile testing of thin
plastic sheeting, but rates were modified to account for the constant sample loading distance
inherent to the SER fixture. Hencky strain rate is decided based on elongation of the samples, which
was more than 100% in this case and thus a Hencky strain rate of 0.33 s-1 was used. All
measurements were performed in a custom built humidity oven at 30 and 60°C and 25 and 95%
relative humidity conditions, such that we can capture the effect of the transition temperature. The
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oven has a swinging door with 2 openings at top and bottom to accommodate the SER tool.
Humidity was controlled by supplying a mixture of dry and wet gas which was controlled by 2
mass flow controllers (10,000 SCCM, MKS 1179A, Andover, MA) and heated gas lines. Humidity
was measured by a humidity probe (Vaisala HMT 337, Boulder, CO) fitted inside of the custom
built oven. Oven, gas transfer lines, and humidity bottle were all temperature controlled by external
heaters. All temperature and humidity setpoints were controlled by the LabView software with
homebuilt feedback control system. Details about the custom built instrument can be found here.180

4.3 Results and Discussions
4.3.1 CTA Synthesis
To mediate the synthesis of PCMS-b-PCOE-b-PCMS, a strategy using RAFT and ROMP
polymerization techniques was designed, in which the midblock PCOE was synthesized first and
chain extended with CMS to give the triblock copolymer. To mediate this protocol, a special
molecule, R2-CTA, was designed. As shown in Figure 39, R2-CTA was synthesized in a two-step
procedure, consisting of a Williamson ether synthesis and a single unit insertion reaction, which
worked efficiently to give a yellow viscous oil as the product in an overall yield of 70%. In the
ether formation reaction, iodide anion was used to replace the chloride in CMS (Finkelstein reaction)
to accelerate the nucleophilic substitution. The single unit insertion reaction was highly efficient
and will be discussed in detail in Chapter 7. The structure of the molecule was carefully chosen to
incorporate multiple functionalities. The trithiocarbonate groups (groups in orange in Figure 39)
were needed to provide a fast chain transfer rate, while the 1-phenylethyl groups (in blue) was
necessary for successful fragmentation step in RAFT polymerization, both of which can together
mediate well-controlled RAFT polymerizations of CMS. At the same time, the alkene (green group)
can act as a CTA in ROMP polymerization of COE to provide partial MW control and a telechelic
structure in the resulting polymer.181 The ether bond (in purplish red) was selected as the covalent
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link between the PCOE and PCMS blocks, which is not easily hydrolyzable. Interestingly, it was
observed that the methyl protons in the 1-cyano-isopropyl groups have two distinct peak in 1H
NMR ( = 1.2 and 1.4 ppm, respectively, Figure 36). This was due to the fact that they were located
close to Ca, which is a chiral center, and thus they experience different chemical environments.
Using a similar approach, COE-CTA was synthesized, which could be utilized in graft
copolymer synthesis. However, it will not be discussed in this dissertation.
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Figure 39: Synthetic Protocol of R2-CTA.
4.3.2 Triblock Copolymer Synthesis
First, telechelic PCOE was synthesized using chain-transfer ROMP (CT-ROMP)
polymerization of COE mediated by R2-CTA. The polymerization proceeded rapidly and the
mixture of COE and toluene (~1:1 = v:v) solidified in 15 minutes at 60 oC, which was attributed to
the fast polymerization catalyzed by G2 and its excellent tolerance to functionalities, especially
trithiocarbonate in this case.169,182,183 The dispersity was measured to be ~1.7 in the samples
synthesized in this chapter, which was in good agreement with literature results, although ROMP
is known to proceed in a chain-growth polymerization mechanism.161,181,184,185 This was mainly due
to two reasons. Cis-cyclooctene has a relatively slow initiation rate to be polymerized in a living
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manner, when catalyzed by G2.186 There is frequent secondary olefin metathesis reaction during
the reactions, in other words, the C=C bonds in the middle of chains are exchanging with the active
Ruthenium center, which gives the reaction some characteristics of step-growth polymerization.159–
162

According to the mechanism of the CT-ROMP, the end-groups of the resulting polymer only

comes from two sources, which are the G2 catalyst/initiator and the CTA. Assuming only linear
PCOE was generated in the polymerization and considering the feeding ratio of R2-CTA versus G2
being ~50 in this chapter, it was concluded that the majority (>95%) of end-groups were from the
R2-CTA and thus most of the resulting PCOE were telechelic with a trithiocarbonate group at each
terminus.
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Figure 40: Synthesis and Degradation of PCMS-b-PCOE-b-PCMS.
The slightly yellow (due to the trithiocarbonate end-group) product was chain extended
with CMS by RAFT polymerization (Figure 40). A relative low reaction temperature (60 oC) was
used in this reaction to suppress the irreversible chain transfer or copolymerization of the C=C
bonds in PCOE. To demonstrate the well-controlled MW and absence of side reactions, one asprecipitated polymer was reacted with a large excess of 1-hexene and the cross-metathesis reaction
was catalyzed by G2 to degrade the PCOE segments. By precipitation into hexanes, the residual
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polymer was isolated and identified as PCMS, since proton peak on the C=C disappeared (only
end-group C=C proton can be seen by 1HNMR in the range of  = 5.1 – 5.8 ppm, Figure 41).
Narrow MW distribution (Ɖ = 1.08, Mp = 4.4k) as observed by GPC (Figure 42), which confirmed
the side reactions being eliminated, well-controlled polymerization, and thus linear copolymer
architecture.
However, it should be noticed that due to the RAFT polymerization mechanism,
homopolymer of CMS not attached to PCOE midblock was inevitably generated, which after
quaternization could be dissolved in water and detach from the membrane. This can cause errors in
membrane composition analysis and thus bias the characterization measurements. To remove the
homopolymer fraction, the as-synthesized triblock copolymer was stirred in THF/MeOH (6:5 =
v:v), which readily dissolves the homopolymer of CMS but not the block copolymer. The insoluble
part was collected and washed to obtain the purified PCMS-b-PCOE-b-PCMS. The successful
removal of CMS homopolymer was proved by the disappearance of low MW shoulder in GPC
trace, which was almost overlapping with the peak of isolated PCMS (Figure 42). As a consequence,
the composition of CMS was decreased, as observed by 1H NMR (Figure 41).
The “soluble” fraction, consisting of the polymer dissolved and suspended during the solid
state extraction process, was also analyzed by GPC and NMR. By GPC measurement, it was found
to contain homopolymer of CMS as well as a large quantity of polymers with narrow dispersity
and higher MW (Figure 42). This fraction had a peak MW Mp = 11.4k in GPC, showing that it is
not a dimeric homopolymer of CMS from residual R2-CTA. In the 1H NMR spectrum, a small yet
non-negligible peak of C=C proton was observed, which indicates that the higher MW fraction was
likely triblock copolymer containing only a very short PCOE midblock (DP ~ 22).
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As-precipitated

Purified triblock
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Figure 41: NMR Characterization of a Representative Triblock Copolymer.
So far, it is concluded that this synthesis approach can provide well-defined triblock
copolymers with a MW distribution of the outer PCMS blocks while having a broad MW
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distribution in the midblocks of PCOE. A series of triblock copolymers were synthesized and the
MW characterization results were listed in Table 6. The DPs were estimated by end-group analysis
using 1H NMR and the Ɖs were measured by GPC using polystyrene calibration. It was noticed
when the mole percentage of CMS units increased, the Ɖ decreased, which is attributed to that the
PCMS blocks are expected to have narrow MW distribution and reduced the overall dispersity.

As-precipitated

Purified

“Soluble” fraction

Isolated PCMS

GPC Retention Time

Figure 42: GPC Characterization of a Representative Triblock Copolymer.
Since only a very small amount (<20 mg) of R2-CTA is needed to prepare one gram of
triblock copolymer, the scalability of this synthetic protocol was demonstrate by running a single
batch reaction to yield ~40 grams of PCMS-b-PCOE-b-PCMS (#12 in Table 6).
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Table 6: Chemical Compositions of TAEMs.

a

TAEM#

DPPCMSa

DPPCOEa

ƉGPCb

IEC(mmol/g)

1

13*2

237

1.68

0.9

2

30*2

385

1.63

1.1

3

32*2

341

1.64

1.2

4

68*2

367

1.57

1.7

5

39*2

252

1.58

1.7

6

52*2

295

1.52

1.9

7

57*2

292

1.52

2.0

8

35*2

163

1.51

2.1

9

62*2

305

1.51

2.1

10

60*2

288

1.50

2.1

11

89*2

366

1.62

2.3

12

85*2

305

1.40

2.7

Measured by NMR end-group analysis. bMeasured by GPC using polystyrene calibration.

4.3.3 Membrane Preparation
The purified triblock was dissolved in an organic solvent at a concentration of 100 mg/mL
and cast onto a clean polytetrafluoroethylene sheet, with the solvent evaporation rate decelerated
by a glass petri dish. It was found that using chloroform led to uniform membranes, while casting
from THF and toluene resulted in rough surfaces.
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The cast polymer film was slowly dried and then peeled off the PTFE sheet. The film was
immersed into trimethylamine aqueous solution (50 wt%) for solid state quaternization reaction.
The ion exchange capacities (IECs) of these triblock AEMs (TAEMs) in Table 6 were calculated
using the chemical compositions of the neutral triblock copolymers. Finally, the membranes were
heated in water at 80 oC. This thermal/solvent annealing process was adopted due to the high Tg
(>200 oC) of the ionic block,114 at which thermal degradation can disintegrate the material, while
water can significantly plasticize poly(vinylbenzyl trimethyl ammonium chloride) and thus enable
chain mobility. At the same time, this approach mimics the operation conditions in a fuel cell and
thus provides a chance to investigate the membrane morphology equilibrated in an environment to
what is present in an operating fuel cell device. The chemical structure and the appearance of the
resultant membranes are shown in Figure 43. These membranes show a melting transition at ~50
o

C (Figure 44).
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Figure 43: Chemical Structure and Appearance of a TAEM.
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Figure 44: Differential Scanning Calorimetry of a TAEM.

4.3.4 Morphology Characterization
Small angle X-ray scattering was utilized to characterize the AEMs, however, the peaks
were quite broad, which render this data difficult to conclusively identify the morphologies. This
was probably due to the broad MW distribution that brought difficulties in efficient chain packing
to form ordered morphologies. In the following, two membranes, TAEM 3 and TAEM 9 will be
discussed in detail.
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Figure 45: SAXS Patterns of TAEM 3 at 60 oC.
In Figure 45, the SAXS profiles of TAEM 3 at 60 oC is shown. A broad primary peak was
observed at q = 0.0143 Å, corresponding to a d-spacing of 43.9 nm in the dry state. The broad and
shallow secondary peak at roughly q = 2q* was seen as well, indicating that the morphology might
be poorly ordered lamellar phase, although it is difficult to conclude. No sign of ionic cluster was
observed. Response to water vapor treatment was also observed. In Figure 46A, zoomed SAXS
patterns are shown for the membrane at 60 oC. It was found that upon water sorption, the overall dspacing slowly decreased when the relative humidity (RH) was below 75% (the water sorption is
14.7 wt % by dynamic vapor sorption). Then the d-spacing increased back when the RH was raised
to 95% (the water sorption is 20.9 wt %). This phenomenon was due to selective swelling of water
molecules inducing contraction of the poorly solvated nanophase.187–191 When water molecules
entered ionic domain, the domain size was increased in all the three dimensions. This resulted in
increasing the area of the interface between the ion/water domain and the hydrophobic PCOE
domain. However, water barely enters the hydrophobic part, and thus incompressible volume of
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the molten PCOE domain required the thickness of this domain to decrease. Using the densities of
poly(vinylbenzyl trimethyl ammonium chloride), H2O, and PCOE being roughly 1.3, 1, and 0.9
g/cm3, respectively, it was calculated that the thickness of the PCOE domain decreased from 36.5
nm to 30.3 nm when the RH was increased from 0% to 75%. This resulted in raising the interfacial
area by 16.4%, comparing with ~41% increase in the hydrophilic domain thickness. The increase
in interfacial energy and loss in PCOE conformational entropy was balanced by the lowered
chemical potential of the polyion chains and counterions. However, when the RH was further raised,
the hydrophobic domain experience only minor change in thickness (from 30.3 nm to 30.0 nm) and
interfacial area (from 16.4% to 17.8%). This indicates that there was no significant further increase
in the interfacial area, and thus the hydrophilic domain only expanded in the direction perpendicular
to the interface from 12.8 nm to 14.8 nm. We hypothesize that this was an indication of the
formation of a water-rich ion-poor domain in the middle of the hydrophilic layer, which was
responsible for the d-spacing increase at high humidity. However, this hypothesis still needs more
experimental evidence for a clear conclusion. Currently, neutron scattering is being performed for
better understanding of the morphology. Assuming lamellar morphology, the proposed d-spacing
expansion/contraction mechanism at 60 oC is shown in Figure 47.
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Figure 46: Zoomed SAXS Patterns of TAEM 3.
A) 60 oC; B) 30 oC.
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Figure 47: Spacing Expansion/Contraction Mechanism above Tm.
However, at 30 oC below the Tm of PCOE, the d-spacing only increased in response to
raised relative humidity (Figure 46B). This was attributed to the semicrystallinity of the PCOE
domain at such a temperature, which acted as physical crosslinkers. Due to the physical
crosslinking, the PCOE domain was constrained from deformation, and thus the interfacial area
increase was less significant than that above the Tm of PCOE. At RH ≤75%, the thickness increase
in the hydrophilic domain (53%) was significant enough to cancel out the decrease in PCOE domain
(-16%), so the domain spacing remained almost constant. At higher humidity, the spacing increase
was primarily a consequence of polycation block stretching and water-rich ion poor domain
formation (Figure 48), while the thickness of PCOE domain remained almost constant (from 31.2
nm to 31.1 nm).
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Figure 48: Spacing Expansion Mechanism below Tm.
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Figure 49: SAXS Patterns of TAEM 9 at 60 oC.
Similar phenomenon was observed on TAEM 9. As shown in Figure 49, the morphology
appeared to be lamellar, although high order peaks were weak in scattering intensities. Upon
hydration, the primary peak became shaper and more intense, which was possibly due to water
plasticizing the polycations chain to form a shaper domain interface (Figure 49). Zoomed SAXS
profiles are presented in Figure 50, which focus on the primary peak for spacing
expansion/contraction investigation. It was found that when the RH was increased from 0% to 75%
and 22 wt% H2O was absorbed, the thickness of the hydrophobic domain decreased from 28.8 nm
to 22.4 nm, while the hydrophilic domain gained a thickness changing from 15.6 nm to 20.1 nm.
Further increasing the RH to 95% and water sorption to 33.7 wt% led to the PCOE thickness
changing from 22.4 nm to 20.8 nm.
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At 30 oC, the domain spacing expanded from 41.7 nm to 44.3 nm, when the RH was
increased from <5% to 95%. The ionic domain thickness increased from 14.6 nm to 23.2 nm, while
the interface area was raised by 22%.
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Figure 50: Zoomed SAXS Patterns of TAEM 9.
A) 60 oC; B) 30 oC.
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Figure 51: Water Sorption and Conductivities of TAEMs.

4.3.5 Anion Conductivity
Impedance spectroscopy was used to measure the Cl- conductivity instead of OH-, due to
the high reactivity of OH- toward CO2 in the air to form CO32- or HCO3- introducing difficulties in
precise measurement. To investigation the effect of IEC on conductivity, a series of TAEMs with
similar MWs (45 kg/mol ~ 60 kg/mol) were plot in Figure 51, together with water sorption
measured at 60 oC and 95% RH. The number of water molecules absorbed could be calculated from
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the water sorption data, and then it was averaged by the number of ammonium groups to give the
λ value.
It was found that most of the conductivities, at both 60 and 80 oC, increased monotonically
with IEC except the TAEM with an IEC of 2.7 mmol/g, which was due to the increased
concentration of charge carriers. The conductivity of the TAEM with the highest IEC decreased,
and this was attributed to membrane failure at such a high temperature. The number of water
molecules absorbed per charge was almost constant, which was probably due to the similar
morphologies. The highest Cl- conductivity values achieved at 60 and 80 oC were 48 and 63 mS/cm,
which are excellent results, especially when being compared with literature results, which are
usually below 15 mS/cm with the highest reported value being 26 mS/cm at 50 oC.36,40,101,111,114,116

● TAEM 9

Conductivity (S/cm)

● TAEM 8

Temperature (oC)

Figure 52 Conductivity Comparison of TAEM 8 and 9.
An MW effect on ion conduction was observed. TAEM 8, which had a MW being ~55%
of that in TAEM 9, provided much reduced Cl- conductivities at all temperatures as shown in Figure
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52. This was likely due to an interfacial effect. It is estimated that TAEM 8, with a d-spacing of
30.8 nm, displayed an ionic domain thickness of 11.2 nm at 60 oC in dry state, which was ~28%
thinner than that in TAEM 9. Since the strongly segregating polymers have an ∼2−3 nm
interface,192 the interfacial layer should be even thicker considering the rough interface caused by
the broad MW distribution. Due to partial mixing and the tortuosity in transporting pathway, the
interfacial layer does not conduct ions as fast.151,193

-1

1000/T (K )

Conductivity
(S/cm)

Figure 53: Temperature Effect on Conductivities.
To investigate if the melting transition of the PCOE block affected the ion transport
properties, TAEM 3 and TAEM 9 were subjected to conductivity testing in both Cl- and F- forms,
shown in Figure 53. Under all of the testing conditions, a transition was found between 50 and 60
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o

C, which is at the end of PCOE melting transition. At lower temperatures, the conductivities were

strongly affected the temperature as proved by the steep slope. When above the transition
temperature, the conductivities were still affected by temperature, however, the slope was much
shallower. Since the slope in this plot can be interpreted as the activation energy of ion transport,
assuming Arrhenius behavior, it was found that after the transition, ion motion was facilitated. It
was also noticed that the transition in conductivity was actually a change in the slope instead of a
sudden boost of conductivity values. This was because PCOE, similar to many other semicrystalline
polymers, has a relatively long melting transition range. Even at temperature as low as 40 oC, the
smaller crystals began to melt, and the melting did not complete until ~60 oC. The decrease in
activation energy is attributed to three possible mechanisms. One is the smoothened domain
interface upon the melting of PCOE phase, which decreased the tortuosity of the transport pathway
at the interface. Another factor might be the nanocrystals limited the relaxation of polycation blocks
anchored to the interface and thus decelerated the anion exchange between ammonium side
groups.194–196 The last possible mechanism is that the crystallinity affected the water distribution in
the hydrophilic domain, as discussed previously on the swelling phenomena. This study gives a
direct evidence of melting/crystallization of the hydrophobic domain impacts ion conduction
significantly, although the mechanism is not fully understand yet. It is possible to decrease the
activation energy of ion conduction in semicrystalline state by applying annealing to engineer the
domain interface, including the density of BCP junction points, and water distribution.
By comparing the Cl- conductivity under 80% and 95% RH, it was concluded that these
materials did not over swell under the testing conditions. Otherwise, the conductivity should be
lower with the higher humidity. In addition, it was noticed that F- transported faster than Cl-, which
was explained by the smaller size.
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Figure 54: Modulus of TAEM 3 and 9 under Controlled Environmental Conditions.

Figure 55: Stress at Break of TAEM 3 and 9 under Controlled Environmental Conditions.
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Figure 56: Elongation of TAEM 3 and 9 under Controlled Environmental Conditions.

4.3.6 Mechanical Properties
Microphase separated block copolymer have been widely used for tunable mechanical
properties. Typical examples are polystyrene-b-polybutadiene-b-polystyrene (SBS), polystyreneb-polyisoprene-b-polystyrene (SIS), and polystyrene-b-poly(ethylene-co-butylene)-b-polystyrene
(SEBS) linear triblock copolymers. In these copolymers, the PSt, with a Tg above the operation
temperature acts as physical crosslinks, while the soft midblock are used as the rubbery matrix. The
mechanical properties are highly affected by the material morphology as widely accepted.84,197–199
The modulus, stress at break, and maximum elongation were investigated under controlled
environmental conditions (Figure 54, 55, and 56). It was found that both TAEM 3 and TAEM 9
showed higher moduli at low RH than 95% RH. This was attributed to the fact that the pure ionic
domain has a high Tg, while it was significantly plasticized by water at high humidities. Considering
the high moduli values at low RH, the glassy domain should be in a continuous phase, which is in
good agreement with the assumption of lamellar morphology. The moduli decreased when the
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temperature was increased, which was a consequence of increased water sorption and the removal
of physical crosslinks in PCOE domain upon reaching the melting transition. In addition, TAEM 9
possessed higher moduli than TAEM 3 under low RH conditions, due to the high content of the
hard polycation block. In contrast, TAEM 9 was a weaker material than TAEM 3 when the RH was
raised to 95%. This was because upon hydration, the polycation block turned to be a rubbery block,
which probably had no entanglements due to the high chain rigidity. TAEM 9 has a higher content
of polycation, so it was more significantly affected than TAEM 3.
Both TAEM 3 and TAEM 9 displayed greater ultimate engineering stress at low humidity.
This was again attributed to the water plasticization effect at 95% RH. Temperature seems to
provide less effect here. It was also observed that the membranes had larger ultimate elongation
values at high temperature, which was likely due to the absence and physical crosslinking in the
V

PCOE domain.

P
ACA20140514BU
0.25

0.2

0.6

0.15

0.4

0.1

0.2

0.05

0

0
0

0.1

0.2

0.3

0.4

0.5
-2

Current density (A cm )
Figure 57: Fuel Cell Performance of TAEM 6.
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4.3.7 Fuel Cell Performance
Membrane TAEM 6, with a thickness of 102 μm, was subjected to fuel cell testing. At
55oC, the opening circuit voltage was 0.97 V and the peak power density was as high as 152
mW/cm2 (Figure 57). These results were comparable with the Tokuyama A901 membrane, which
had a thickness of 10 μm and displayed a peak power density of 215mW/cm2. This was due to the
low cell resistance, 0.14 Ω *cm2, in TAEM 6 (vs. 0.11 Ω*cm2 in Tokuyama A901). The fuel cell
testing was conducted at U.S. Army Research Laboratory.

4.4 Conclusions
A special CTA was designed and synthesized in high yield using nucleophilic substitution
and single unit insertion reaction. Mediated by the CTA, a series of triblock copolymers based on
COE and CMS was synthesized using ROMP and RAFT polymerizations. Membranes were
prepared by sequential drop-casting, solid state quaternization, and thermal/solvent annealing
process.
By SAXS, it was found that the membranes were in a poorly ordered lamellar morphology.
The d-spacing was affected by hydration from environmental humidity, where the hydrophobic
domain decreased its thickness while the hydrophilic domain became thicker. The crystallinity of
the PCOE block (Tm ~ 50

o

C) was shown to have a strong impact on the domain

contraction/expansion. The melting transition was also observed to have an influence on anion
conduction, by possibly smoothening the domain interface, facilitating polycation chain relaxation,
and changing water distribution. It was also shown that the melting transition affected the
mechanical properties. This work provides a direct investigation of the effect from the crystallinity
in hydrophobic domain on block copolymer ion exchange material.
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CHAPTER 5

SYNTHESIS AND SELF-ASSEMBLY OF IONIC STAR BLOCK COPOLYMERS

5.1 Introduction
As discussed in Chapter 3 and 4, one very interesting property of block copolymers is that
they can self-assemble into well-ordered structures. By tuning the architecture, the morphological
behavior can be significantly affected. First of all, the chain organization can be modulated. For
example, the midblock in a microphase separated symmetric triblock copolymer, can adopt either
a bridged or looped conformation upon microphase ordering, so that the midblock microdomains
consist of a bimodally dispersed mixture of conformationally different blocks.200,201 In addition, the
d-spacing can also be tuned, which will be discussed in the next chapter. Most importantly, the
phase diagram can be shifted. This means that by applying polymer architecture, it is possible to
achieve different ordered microphases, when the volume fraction is held constant.84,202,203 When the
shift is obtained in the vertical direction of the phase diagram, ordered microphase separation can
be either facilitated or suppressed. For example, Figure 58 shows a theoretical phase diagram of a
nine-armed star diblock copolymer with conformational symmetry, which was plotted using the
volume fraction of the inner block.204 It can be observed the topology of the phase diagram was
maintained while there is a preference for the inner block of the arms to be located on the inside of
cylindrical and spherical structures. It was also noticed that the critical χN value for the formation
of an order morphology was 6, instead of 10.5 in the case of conformationally symmetric diblock
copolymers. N here is the DP of one arm for a star block copolymer or the DP of the whole chain
for a diblock copolymer. This implies that the microphase separation can be facilitated by using a
star block copolymer architecture, and thus it is possible to achieve ordered morphologies with
lower molecular weight polymers. Since the domain spacing is primarily affected by N,205 this is
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further beneficial for achieving smaller repeating features, which is an urgent need for advances in
many applications, such as ultrahigh areal density nanowires, bit-patterned media, and graphene
nanotransistors.206–209

Figure 58: Phase Diagram of Nine-Armed Star Diblock Copolymer.
Figure adopted from Ref 204.
5.2 Experimental Section
5.2.1 Materials
Styrene, chloromethylstyrene (a mixture of para- and meta-isomers, CMS), n-butylacrylate
(nBA), and 2-vinylpyridine (2VP) were passed through a short column of basic alumina and stored
under -30 oC before use. Thermal initiator, 2,2’-Azobis(2-methylpropionitrile) (AIBN) was
recrystallized

from MeOH.

The

carboxylic functionalized

RAFT

agent,

4-cyano-4-

[(butylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (COOH-CTA, Figure 59A), was synthesized
using a modified method from a previously reported synthesis protocol for 4-cyano-4106

[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic

acid.210

Pentaerythritol

tetrakis[2-

(dodecylthiocarbonothioylthio)-2-methylpropionate] (TTC4) was purchased from Sigma-Aldrich.
Other chemicals were used as received.
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Figure 59: Chemical Structures of Synthetic RAFT Agents.
A) COOH-CTA; B) TTC2; C) TTC3.
5.2.2 Synthesis of RAFT Agents
The RAFT agent with two trithiocarbonate, TTC2 (Figure 59B), was synthesized using the
following protocol. Into 30 mL dichloromethane was charged 2.55 g COOH-CTA, 2.04 g DCC,
0.95 g DMAP, and 0.446 g diethylene glycol. The mixture was stirred for 1 hour and then warmed
to RT and allowed to react overnight. After column chromatography with hexane/ethyl acetate
(v:v=3:1) as eluent, 2.61 g yellowish red oil was achieved (yield = 94%). NMR characterization is
shown in Figure 60.
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Figure 60: NMR Characterization of TTC2.
Using a similar method, TTC3 (Figure 59C) was prepared. In 25 mL preheated 1,4-dioxane,
154 mg 1,1,1-tris(hydroxymethyl)ethane was dissolved. After cooling to RT, 1.19 g COOH-CTA
and 50 mg DMAP was added. Then, 1.01 g DCC was slowly added over 30 minutes at 0 oC. The
reaction was allowed to warm to RT and reacted for 24 hours. After column chromatography, 1.01
g yellowish red oil was achieved (yield = 84%). NMR characterization is shown in Figure 61.
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Figure 61: NMR Characterization of TTC3.

5.2.3 Synthesis of P(CMS-ran-St)-b-PnBA
In the first step, P(CMS-ran-St)n was polymerized using RAFT technique, where n denotes
the number of arms (n = 1 for diblock, 2 for symmetric triblock, and 3 for 3-armed star). In a
reaction vessel, CTA (O-CTA for hemitelechelic polymer, TTC2 for telechelic polymer, and TTC3
for 3-armed star polymer), 100 equiv. (relative to trithiocarbonate moieties) of CMS, 150 equiv. of
St, and 0.03-0.04 equiv. of AIBN were mixed, and then degassed by purging with nitrogen for 30
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minutes. The reaction was initiated by heating the sealed container in an oil bath at 60 oC. After a
certain period of time, the reaction was quenched to 0 oC and precipitated into hexanes three times
to remove unreacted CMS and St. The MW was calculated by end-group analysis using 1H NMR.
A representative spectrum of 3-armed star is shown in Figure 62. The peak at  ≈ 3.3 ppm was
assigned to the methylene adjacent to trithiocarbonate, with the two peaks between  ≈ 4.2 and 4.7
ppm attributed to the chloromethyl protons. The dispersity was measured by GPC using polystyrene
calibration.

*

Figure 62: A Representative 1H NMR Spectrum of P(CMS-ran-St)3.
In the second step, the random copolymer was dissolved in 300 equiv. (relative to
trithiocarbonate moieties) of dioxane and 300 equiv. of nBA, together with 0.03-0.04 equiv. of
AIBN. After degassing, the mixture was heated to 60 oC to start the chain extension. After a certain
period of time, the resulting polymer was precipitated three times into MeOH/H2O mixture (2:1 =
v:v) to remove residual monomer. The DPs of nBA was calculated by the ratio between nBA and
CMS using 1H NMR. An example spectrum of PnBA-b-P(CMS-ran-St)-b-PnBA is given in Figure
63, where the peak between  ≈ 4.20 and 3.85 ppm was assigned to the -COOCH2CH2- protons.
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*

Figure 63: Representative 1H NMR Spectrum of a Triblock Copolymer.
The block copolymers were subject to GPC analysis. A representative GPC trace of
[P(CMS-ran-St)-b-PnBA]3 is displayed in Figure 64. The narrow, symmetric major peak was
attributed to the 3-armed star polymer, while the low MW peak, was a mixture of P(CMS-ran-St)b-PnBA diblock, P(CMS-ran-St) dead chains, and PnBA homopolymer, which are grouped
together and referred to as the free arm fraction in this dissertation. These were all inevitable
products due to the nature of RAFT polymerization and generated by the extra chains produced
from the radical input. It should be noticed that in the polymerization conducted in this chapter, the
feed ratio of AIBN was kept very low, which was intended for suppressing the generation of free
arm fractions. The weight percentage of the free arm fraction can be estimated by comparing the
peak area with the major peak. Among the three components, the diblock is the major fraction,
since the radical input is very small with AIBN being 0.03-0.04 equiv. to trithiocarbonate in each
step. The block copolymers synthesized here are summarized in Table 7.
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Table 7: Summary of [P(CMS-ran-St)-b-PnBA]n.

a

na

DPCMS+Sb

Ɖranc

DPnBAb

ƉBCPc

fafd

1

33.7+37.3

1.07

90

1.09

-

1

33.7+37.3

1.07

258

1.11

-

1

33.7+37.3

1.07

147

1.10

-

2

29+32.6

1.07

69*2

1.09

ND

2

32.5+36.2

1.09

107*2

1.12

ND

2

70.1+78

1.07

146*2

1.14

ND

2

70.1+78

1.07

172*2

1.14

ND

3

(35.3+41.4)*3

1.15

104*3

1.18

0.09

3

(35.3+41.4)*3

1.15

152*3

1.20

0.10

3

(35.3+41.4)*3

1.15

152*3

1.22

0.11

Number of arms, where 1, 2, and 3 are for diblock copolymer, triblock copolymer, and 3-armed

star block copolymer, respectively. bThe degrees of polymerization of CMS plus St and nBA,
respectively. cƉran is the dispersity index for the P(CMS-ran-St) block and ƉBCP is the overall
dispersity index for the block copolymer. dThe free arm fraction, determined by the peak area in
GPC traces.

113

Mp1 = 73.8k

Mp2 = 28.3k

Figure 64: A Representative GPC Trace of [P(CMS-ran-St)-b-PnBA]3.

5.2.4 Quaternization of P(CMS-ran-St)-b-PnBA
In 3:1 (v:v) mixture of ethanol and trimethylamine aqueous solution (50wt%), P(CMS-ranSt)-b-PnBA was dissolved at a concentration of 0.1 g/mL. The mixture was stirred at room
temperature for 3 days to convert benzyl chloride group into benzyl trimethyl ammonium chloride,
and then dried under a flow of nitrogen to remove ethanol, H2O, and trimethylamine. The
quaternized block copolymers were redissolved in DMF and cast onto clean Teflon sheets to form
uniform and transparent membranes. However, under high humidity conditions at 60 oC, these
membranes absorbed too much water and quickly turn gel-like and finally a viscous solution. This
was a result of the lack of chain entanglements, due to the entanglement MW for PnBA being as
high as 28 kg/mol.211

5.2.5 Synthesis of Star PSt
In a reaction vessel, CTA (TTC3 for 3-armed star polymer and TTC4 for 4-armed star
polymer), 100 equiv. (relative to trithiocarbonate moieties) of St, and 0.03-0.04 equiv of AIBN
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were mixed, and degassed by purging with nitrogen for 30 minutes. Then the reaction was initiated
by heating the container in an oil bath, which was preheated at 60 oC. After a certain period of time,
the vessel was removed from the oil bath and quenched to 0 oC and precipitated into methanol three
times to remove unreacted St and isolate (PSt)n, where n denotes the number of arms (3 for 3-armed
star and 4 for 4-armed star). The MW was calculated by end-group analysis using 1H NMR. A
representative spectrum of (PSt)3 is shown in Figure 65. The peak at  ≈ 3.2 ppm was assigned to
the methylene adjacent to trithiocarbonate, while the broad peak between  ≈ 4.5 and 5.0 ppm was
assigned to the proton at benzylic carbon attached to trithiocarbonate, with the region between  ≈
6.2 and 7.2 ppm integrated as the aromatic protons. The dispersity was measured by GPC calibrated
by polystyrene standards.

*

Figure 65: A Representative 1H NMR Spectrum of (PSt)3.
5.2.6 Synthesis of Star PSt-b-P2VP
The star PSt was dissolved in 200 equiv. (relative to trithiocarbonate moieties) of dioxane
and 100 equiv. of 2VP, together with 0.03-0.04 equiv. of AIBN. After degassing, the mixture was
heated to 60 oC to start the chain extension. After a certain period of time, the resulting polymer
was precipitated three times into hexanes to remove residual monomer. The DPs of 2VP was
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calculated by the ratio between 2VP and St using 1H NMR. An example spectrum of 4-armed star
PSt-b-P2VP is given in Figure 66, where the peak between  ≈ 8.1 and 8.7 ppm was assigned to
the -aromatic protons at the ortho-position to the nitrogen atom, while the peaks between  ≈ 6.1
and 7.7 ppm were attributed to the rest of aromatic protons. It was also noticed that running 1H
NMR on P2VP in deuterated dichloromethane or 1,1,2,2-tetrachloroethane gave better spectra than
in chloroform, which was due to the complexation between chloroform and pyridine groups.212

*

Figure 66: A Representative 1H NMR Spectrum of (PSt-b-P2VP)4.
5.2.7 Copper(II) Chloride Doping and Small Angle X-ray Scattering
Copper (II) chloride salt and (PSt-b-P2VP)n star block copolymer were premixed in THF
solution and freeze-dried at high vacuum, obtaining copper (II) chloride doped block copolymer
solid with prescribed doping ratio. Then the block copolymer/copper salt mixtures were annealed
at 180 oC for 24 h and encapsulated within a Kapton® film for small angle X-ray scattering
measurement. The SAXS measurement was performed using a Ganesha SAXSLAB with a copper
X-ray source and sample heating stage. For the high temperature SAXS measurement, samples
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were pre-annealed at 180 oC for 24 hours at vacuum oven beforehand, before being encapsulated
in Kapton® film and equilibrated for 10 min at designated temperature before measurement.

5.2.8 Thin film patterning
Block copolymer thin films with lamellae perpendicular to the substrates were prepared
using a method similar to that of a previous report.213 (PSt-b-P2VP)n block copolymer were
premixed with HAuCl4 in THF solution, where the mole ratio of HAuCl4 to P2VP repeat unit was
6%. Then the salt doped block copolymer (5 mg/mL) was spin-coated onto a silicon wafer with
neutral P(St-r-2VP-r-HEMA) brush at 4000 rpm, obtaining thin films with ca. 15 nm thickness.
Line patterns with sub-15 nm domain spacing could be observed after annealing in acetone vapor
to a swelling ratio of 140%.

5.3 Results and Discussion
5.3.1 Star Block Copolymer Synthesis
As mentioned above, the feed ratio of AIBN was intentionally kept at a low level to reduce
the generation of free arms in the synthesis of (PSt-b-P2VP)n. However, a non-negligible amount
of free arms were still observed by GPC. This was due to the mechanism of RAFT polymerization,
where a small amount of radical input is always necessary to initiate the reaction. At the same time,
introducing a free radical results in the production of extra chains, which turn out to be free arms
in star polymer synthesis. Considering that in a styrene RAFT polymerization the chain transfer
site (such as trithiocarbonate) is constantly shuttling between different polymer chain-ends, most
of the as-produced free arm polystyrene will eventually be terminated with a CTA group, a
trithiocarbonate in this work, and reactive in the next step of polymerization. However, it should
be noted that the chain length of the free arms produced here has a broader MW distribution than
the arms attached to the core, due to the fact that the radicals were slowly introduced by AIBN
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degradation in our experiments, and thus the free arms were slowly generated and experienced
different propagation times. Similar reactions happened in the chain extension with 2VP. Finally,
after sequential polymerization of St and 2VP, the major product in the free arm fraction should be
PSt-b-P2VP and P2VP homopolymer, with a small quantity of PSt carrying non-reactive chainends. The star block polymers synthesized are summarized in Table 8.
Table 8: Summary of (PSt-b-P2VP)ns.
na

DPStb

ƉPStc

DP2VPb

ƉStarc

fafd

3

24*3

1.09

19*3

1.21e

0.03e

3

24*3

1.09

21*3

1.24e

0.03e

3

24*3

1.09

31*3

1.25e

0.04e

3

30*3

1.08

31*3

1.27e

0.04e

3

37*3

1.09

28*3

1.34e

0.06e

3

42*3

1.12

58*3

1.17

0.09

3

42*3

1.12

42*3

1.17

0.05

3

37*3

1.09

58*3

1.15

0.03

3

52*3

1.14

24*3

1.16

0.05

3

52*3

1.14

44*3

1.18

0.07

3

52*3

1.14

45*3

1.19

0.07

3

41*3

1.08

57*3

1.30

0.04
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a

3

41*3

1.08

50*3

1.23

0.04

4

32*4

1.09

23*4

1.22e

0.03e

4

32*4

1.09

24*4

1.25e

0.04e

4

32*4

1.09

27*4

1.24e

0.05e

4

32*4

1.09

28*4

1.31e

0.05e

Number of arms, where 3 and 4 are for 3- and 4-armed star block copolymers, respectively. bThe

degrees of polymerization of the St and 2VP, respectively. cƉPSt is the dispersity index for PSt core
and ƉStar is the overall dispersity index for the polymer including the free arms. dThe free arm
fraction, determined by the low MW peak area ratio in GPC traces. eMeasured by GPC using DMF
as the eluent and calibrated against poly(methyl methacrylate) standards, others measured by GPC
in THF calibrated against polystyrene standards.
It is possible to remove those free arm fractions using fractional precipitation and obtain
pure star block copolymer. However, considering the significant time requirements and material
handling losses, it was deemed efficient for the study conducted here to not pursue the removal of
the free arm fraction, since the percentage (≤10%) of free arms should have only a minor effect on
the microphase separation.

5.3.2 Bulk Morphology Study
Because of the low MWs in each arm of these star block copolymers, these block
copolymers showed no sign of ordered microphases. To increase the χeff value, there are several
successful approaches reported in the literature. For example, disordered Pluronic® triblock
copolymer, PEO37-b-PPO54-b-PEO37, was blended with polyacrylic acid or poly(styrene sulfonic
acid), which formed hydrogen-bonds with the PEO blocks, and thus promoted the microphase
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separation to achieve feature sizes around 5 nm.214,215 Complexing BCPs with inorganic salt has
also been reported to effectively transform disordered morphologies into ordered phases.122,140,216
Here, CuCl2 is adopted to complex with P2VP blocks, taking the advantage of its bivalency, which
may lead to stronger coordination bonding.213
6

n=3

n=2

Figure 67: SAXS Profiles of (PSt-b-P2VP)n Doped with 6% CuCl2 at 150 oC.
The arm MWs were labelled aside the scattering pattern.
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The 3-armed star block copolymer were blended with 6% (relative to 2VP units) CuCl2 and
equilibrated at 150 oC. As shown in Figure 67, the low MW polymers presented a broad peak with
low intensity, which indicated a disordered morphology. When the MW was higher, a sharp
primary peak and higher order peaks can be observed, indicating the formation of ordered
nanophases. It was also found with the arm MW being 9.6 kg/mol, for the n = 2 star, or triblock
copolymer displayed a disordered morphology, while the 3-armed star had ordered microphase
separation with the arm MW being 8.8 kg/mol. This was in good agreement with theoretical
prediction that increased arm number (n) can facilitate microphase separation. 217 Another
observation was that the primary peak position shifted to the left, indicating increased d-spacing
and feature size, when the arm MW was raised. This was attributed to the fact that the domain
spacing was directly related to the polymer chain length, or arm MW, similar to what was found in
diblock copolymers.205

121

n=4

n=3

Figure 68: SAXS Profiles of (PSt-b-P2VP)n Doped with 10% CuCl2 at 150 oC.
The arm MWs were labelled aside the scattering pattern.
Similar trends were observed, when the comparison between 3-armed and 4-armed stars
were conducted. Figure 68 shows the SAXS profiles of star block copolymers blended with 10%
CuCl2 and equilibrated at 150 oC. This time, it was found that with the arm MW being 6.8 kg/mol,
the 3-armed star displayed a disordered morphology, while the 4-armed star had ordered
microphase separation with the arm MW being 6.2 kg/mol, which was again a result of star block
architecture facilitating microphase separation.
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Figure 69: Measurement of ODT Temperatures.
The arm MWs are 9.6, 8.8, and 8.3 kg/mol for n = 2 (■), 3 (●), and 4(▲), respectively.
Other evidence of ordering was achieved by measure the order-disorder transition (ODT)
temperature for star block copolymers with n = 2, 3, and 4. To probe this transition, the full-width
at half-maxima of the primary peak in SAXS pattern was plotted against annealing temperature,
shown in Figure 69. Star block copolymers (doped with 6% CuCl2) with similar arm MWs were
tested in this experiment. The higher FWHM value plateau is the sign of a disordered state, while
the lower value region was a result of sharp primary peak and corresponds to an ordered
morphology. It was found that the n = 2 star was in a disordered state across the temperature range
that was tested, while the n = 3 star showed a clear ODT at ~180 oC. The n = 4 star polymer did not
reach its ODT until approximately 215 oC. This demonstrated that in the PSt-b-P2VP/CuCl2 system,
by increasing the n value by 1, the ODT temperature can be raised for > 30 oC. It also proved that
adopting a star block copolymer architecture can significantly promote microphase separation.
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Figure 70: AFM Height Image of a Salt Doped (PSt32-b-P2VP58)3 Thin Film.
The scale bar is 400 μm.
To prove the concept of using star block copolymers to achieve ultra-small features,
especially line patterns, on a thin film, (PSt32-b-P2VP58)3 was subjected to thin film preparation.
Since domain orientation of BCP thin films is strongly affected by the pair wise interactions, at
both BCP/air and BCP/substrate interfaces,218–222 two strategies were used in synergy to assist the
formation of lamella perpendicular to the surface. The first was to modify the substrate surface with
a neutral coating layer, which is often a copolymer with a composition similar to the thin film
BCP.223–226 A random copolymer of St and 2VP (~1:1 = mol : mol) with ~2 mol% poly(hydroxy
ethyl methacylate) was prepared by radical polymerization, and anchored onto the silicon wafer
surface to balance the interfacial preference. Another strategy was to use solvent vapor annealing
(SVA), where the presence of solvent in the swelled BCP thin film can mediate the interfacial
interactions.227–229 It was found when the BCP was doped with HAuCl4 (6 mol% relative to 2VP
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units) and annealed in acetone vapor to a swelling ratio of 140%, ordered fingerprint pattern could
be achieved, indicating the perpendicular orientation of lamella. In Figure 70, a representative AFM
image is shown on (PSt32-b-P2VP58)3, and the domain spacing was measured to be 12.4 nm.

5.4 Conclusions
In this chapter, star block copolymers were synthesized using RAFT polymerization
mediated by multi-functional CTAs. Due to the mechanism of RAFT polymerization, the formation
of free arms was inevitable, however, these were suppressed by reducing the feed ratio of radical
initiator. By investigating the bulk morphology of CuCl2 doped PSt-b-P2VP copolymers by SAXS,
it was confirmed that adopting the star block copolymer architecture can significantly facilitate
microphase separation, and the greater number of arms in a star polymer lead to a stronger tendency
to form ordered morphologies. Using substrate surface modification and SVA, salt doped star block
copolymer can self-assemble into lamella oriented perpendicular to the surface. This work is also
potentially useful for understanding the structure-property correlation in the catalyst layer of a fuel
cell device.68,230–232
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CHAPTER 6

SELF-ASSEMBLED THINS FILMS OF UV CLEAVABLE BLOCK COPOLYMERS FOR
HIERARCHICAL NANOPATTERNS

6.1 Introduction
Nanomaterials have been widely demonstrated to be promising in numerous applications
due to their unique electronic, interfacial, optical, and magnetic properties, imparted by their sizes.
To facilitate the utilization of nanomaterials, it is necessary to develop alternative high-efficiency
preparation pathways beyond expensive conventional lithographic technique. Microphase
separated block copolymer (BCP) thin films have received extensive research interests as a
convenient and cost-efficient methodology for nanopattern fabrication in applications such as data
storage,209,233,234 templates for nanotransistor/nanowire preparation,207,208 and substrates for cellular
behavior study.235,236 Uniform surface morphologies, including parallel lines, hexagonally and
tetragonally packed dots,237 can be achieved using thermal annealing, or solvent vapor annealing
conditions. However, in most reports, the self-assembled patterns possessed only one phase, and it
has always been challenging to obtain 2-dimensional spatial arrangements of domains with
different surface patterns, which is critical for field effect transistors,238 hard disk drives,233 and
surface plasmonic waveguides.239
One successful approach to fabricate hierarchical morphologies is to utilize post-selfassembly regional pattern generation. For examples, thin films of polyisoprene-b-polystyrene-bpolyferrocenylsilane were annealed with solvent vapor and then subjected to sequential reactive
ion etching and surface reconstruction.237 This method requires large etching contrast between
polymer blocks, which significantly limits the availability and thus applications of the BCPs.
Alternatively, zone-based methods were adapted from metallurgy, which is regarded as promising
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in continuous processing method for production.240,241 The zone casting methodology using BCP
solution flow was demonstrated to be capable of preparing hierarchical morphologies with different
topologies and feature sizes by varying the BCP identities.242,243 Instead of depositing BCPs, a raster
annealing technique was developed to deliver solvent vapor, or heat, to induce the order-disorder
transition.244 Though capable of providing complexed hierarchical patterns, these approaches
require sophisticated instrumentation. A more convenient method is to control the substrate surface
properties, which has been demonstrated to have important effects on BCP domain
orientation.221,223,245,246 This approach was adopted by etching the substrate surface to either change
the chemical composition or tune the physical topology.228,247–251 Besides, grafting surface with
silanes in gradient was reported to lead to the morphology of polystyrene-b-polyisoprene-bpolystyrene thin film changing from parallel cylinders to hexagonally perforated lamellae.252
Reactive polymer coating layers were designed to treat the substrate surface, which alters the
preference of the surface towards the BCPs and this effect can be easily tuned upon UV
exposure.219,253–255 Utilizing regional UV treatment, well controlled spatial placement of
perpendicular and parallel lamellar phases were achieved. Despite the versatility of the coating
layer and the relatively convenient processing conditions, these surface treatment methods still
requires careful design of the chemical structure to interact with BCPs having various chemical
compositions.
Interestingly, methodologies based on chemical reactions of the BCP thin films have been
scarcely investigated. The photoacid induced conversion of tert-butyl ester into carboxylic acid
group was utilized to transform strongly segregated thin films into the disordered state.256 Another
approach was to use crosslinking chemistry to lock the morphology of the desired area, while
allowing the non-crosslinked region to undergo order-order transition following an annealing
process.257,258 However, there are two significant disadvantages of these approaches. First, the
selection of monomers is highly constrained in these approaches to accommodate either
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reactivity/inertness towards photoacids or UV crosslinking. In addition, they provide little chance
to tune the feature size, which is primarily dominated by the BCP molecular weight (MW) for a
given BCP system.198,205
To overcome the first drawback, it was conjectured that using a high-efficiency reactive
junction instead could provide a more universal platform. Despite the difficulties in changing the
BCP MWs, it is feasible to change the polymer architecture, which can have remarkable impacts
on domain spacing.200,259 In this work, a series of poly(ethylene oxide)-ONB-polystyrene-bpoly(ethylene oxide) (EO-hv-SEO) copolymers were designed and synthesized, where ONB is a
photo-cleavable ortho-nitrobenzyl ester junction.260–262 These BCPs can undergo polymer
architecture transformation upon UV exposure.

6.2 Experimental Section
6.2.1 Materials
Styrene was passed through a short column of basic alumina and stored under -30 oC before
use. Thermal initiators, 2,2’-Azobis(2-methylpropionitrile) (AIBN) was recrystallized from MeOH.
Other chemicals were used as received. The acid functionalized RAFT agents, 2(dodecylthiocarbonothioylthio)-2-methylpropionic acid (C12COOH-CTA), 5-propargylether-2nitrobenzyl alcohol (Yne-ONB-OH), and azide terminated poly(ethylene oxide)s (PEOs), were
synthesized using previously reported methods, respectively.261,263,264 Other chemicals were used
as received.

6.2.2 Synthesis of Acid Functionalized RAFT Agent
The RAFT agent, 4-cyano-4-[(butylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (COOHCTA),

was

synthesized

using

a

reported
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synthetic

protocol

for

4-cyano-4-

[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid.210 The NMR characterization (Figure 71)
confirmed the chemical structure.
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Figure 71: Chemical Structure and NMR Characterization of COOH-CTA.
6.2.3 Synthesis of ONB Functionalized CTAs
To synthesize the ONB functionalized CTA based on COOH-CTA, 2.09 g Yne-ONB-OH,
2.70 g COOH-CTA, and 121 mg 4-dimethylaminopyridine (DMAP) were dissolved in 40 mL
dichloromethane at 0 oC. To the stirring mixture, 2.36 g N,N'-Dicyclohexylcarbodiimide (DCC)
was slowly added. The reaction was allowed to run overnight and then filtrated to remove
dicyclohexyl urea. The concentrated mixture was purified using column chromatography
(hexanes:ethyl acetate = 3:1, v:v) to obtain a yellow solid as the product, Yne-ONB-CTA (3.65 g,
yield = 82%). The chemical structure was confirmed by NMR (Figure 72).

130

1

H NMR

*

13

C NMR
*

131

HMQC

Figure 72: Chemical Structure and NMR Characterization of Yne-ONB-CTA.
The ONB functionalized CTA based on C12COOH-CTA was synthesized in a similar
manner. In 50 mL dichloromethane, 1.82 g Yne-ONB-OH, 3.54 g C12COOH-CTA, and 114 mg 4dimethylaminopyridine (DMAP) were dissolved at 0 oC. To the stirring mixture, 1.86 g N,N'dicyclohexylcarbodiimide (DCC) was slowly added. The reaction was allowed to run overnight
and then filtrated to remove dicyclohexyl urea. The concentrated mixture was purified using
column chromatography (hexanes:ethyl acetate = 5:1, v:v) to obtain a yellow solid as the product,
Yne-ONB-CTA-C12 (2.21 g, yield = 45%). The chemical structure was confirmed by NMR (Figure
73).

132

O

+

O

-

N

O
S

S

O
10
S
1

O

H NMR

*

13

C NMR
*

133

COSY 1H NMR

HMBC

134

HMQC

Figure 73: Chemical Structure and NMR Characterization of Yne-ONB-CTA-C12.
6.2.4 Synthesis of Maleimides with an Alkyne Functionality
In the first place, the Steglich esterification mediated by DCC and DMAP was conducted
to react 6-maleimidohexanoic acid with propargyl alcohol. However, it did not result in the desired
product but only a dark reddish oil with high viscosity. The alternative approach was to use
traditional acid catalyzed esterification reaction. In 40 mL toluene, 5.09 g 6-maleimidohexanoic
acid was dissolved together with 2.68 g propargyl alcohol. Then 3 drops of sulfuric acid was
carefully added before the mixture was heated to reflux. After reacting for 14 hours, the reaction
was allowed to cool to room temperature. The mixture was quenched with sodium bicarbonate
aqueous solution and then extracted with ethyl acetate (2*100 mL). The organic phase was
collected and concentrated. Finally, column chromatography was used to isolate the product (MIYne, 4.09 g, 69% yield) as a slightly yellow oil. The structure was confirmed by NMR (Figure 74,
trace residual ethyl acetate was observed) and FAB-MS (theo. 249.10, found 250.08 as M+H).
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Figure 74: Chemical Structure and NMR Characterization of MI-Yne.
A similar esterification reaction was performed to synthesize the maleimide carrying the
alkyne functionality with a longer spacer from the ester bond (MI-C4-Yne). In 50 mL toluene, 9.0
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g 6-maleimidohexanoic acid was dissolved together with 3.5 g 3-butyn-1-ol. Then 3 drops of
sulfuric acid was carefully added before the mixture was heated to reflux. After reacting for 20
hours, the reaction was allowed to cool to room temperature. The mixture was quenched with
sodium bicarbonate aqueous solution and then extracted with ethyl acetate (2*100 mL). The
organic phase was collected and concentrated. Finally, column chromatography with hexanes/ethyl
acetate (3:1 = v:v) as eluent was used to isolate the product (7.82 g, 71% yield) as a slightly yellow
oil. The structure was confirmed by NMR (Figure 75) and FAB-MS (theo. 263.1, found 264.2 as
M+H).
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Figure 75: Chemical Structure and NMR Characterization of MI-C4-Yne.
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6.2.5 Styrene Polymerization Mediated by Yne-ONB-CTA
In a Schlenk tube, Yne-ONB-CTA (1 equiv.), styrene (1500 equiv.), AIBN (0.1 equiv.),
and a predetermined amount of solvent was mixed. The solution was subjected to three freezepump-thaw cycles, before being heated to 70 oC to initiate the polymerization. After a period of
time, the reaction tube was queched to 0 oC and a small aliquot was extracted for conversion
determination. Polystyrene with ONB end functionalization was purified by precipitating into a
large amount of methanol three times to remove unreacted styrene monomer. Gel permeation
chromatography using THF as the eluent was conducted to determine the MW against PSt standards.

6.2.6 Single Unit Insertion of MI-Yne
The ONB functionalized polystyrene (1 equiv.) was dissolved in dioxane (10 mL per gram
of polymer), together with 3~5 equiv. of MI-Yne and AIBN (0.1 equiv.). After being purged with
N2 for 20 minutes, the mixture was heated to 70 oC for 2 days. The polymer was purified by
precipitation and vacuum drying.

6.2.7 “Click” Synthesis of Triblock Copolymers
The MI-Yne modified polystyrene was mixed with 4 equiv. of PEO-N3, 0.5 equiv. of
Cu(I)Br, and 1,4-dioxane (10 mL for each gram of polymer). The mixture was purged with nitrogen
for 20 minutes, and N,N,N’,N’’,N’’-pentamethyldiethylenetriamine (1 equiv.) was added by a
microsyringe. The “click” reaction was allowed to proceed for 2 days, before being precipitated
into hexanes. The precipitated materials was passed through a short column of basic Al 2O3 to
remove residual Cu salts and precipitated into hexanes to recover the polymer. After that, the
polymer was stirred in methanol (20 mL for each gram of polymer) for two days, and filtered,
before it was rinsed with methanol (100 mL for each gram of polymer), to remove excess PEO-N3.
The product was dried in vacuum to provide pure EO-hv-SEO.
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6.2.8 Preparation of Block Copolymer Thin Films
The EO-hv-SEO thin films were prepared by spin-coating a toluene solution (0.7 wt%)
onto silicon substrates, where the thickness was controlled to be ~1Lo, and followed by solvent
annealing in a H2O atmosphere for 1 hour and in a THF atmosphere for 2 hours, sequentially. To
cleave the ONB junction, the thin films were kept in a nitrogen atmosphere under UV exposure at
a wavelength of 365 nm (1 cm away from Blak-Ray Model B, UVL-56) for certain periods of time.
After that, the treated thin films were annealed again in a H2O atmosphere for 1 hour and in a THF
atmosphere for 2 hours.

6.2.9 Grazing Incidence Small Angle X-Ray Scattering (GISAXS)
The testing was conducted in Advanced Light Source (ALS) Beamline 7.3.3 in Lawrence
Berkeley National Laboratory. The beam energy was 10 keV with wavelength of 0.124 nm. The
incident angle was 0.16°.

6.3 Results and Discussion
The preparation of the EO-hv-SEOs started with the synthesis of ONB functionalized chain
transfer agent (Yne-ONB-CTA) for reversible addition-fragmentation chain transfer radical
polymerization (RAFT). A previously published procedure was adopted to prepare 5propargylether-2-nitrobenzyl

alcohol,

which

was

coupled

to

4-cyano-4-

[(butylsulfanylthiocarbonyl)sulfanyl]pentanoic acid using an esterification reaction mediated by
1,3-dicyclohexylcarbodiimide and 4-(dimethylamino)pyridine to give a yellow solid product
(isolated yield 82%). As shown in Figure 76, Yne-ONB-CTA was utilized to mediate the RAFT
polymerization of styrene to provide polystyrene (PSt) with an alkyne and a ONB group at the αterminus. It was found that the selection of solvent can have a significant effect on the
polymerization kinetics (Table 9), which was possibly due to the polarity affecting the
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fragmentation step in RAFT polymerization. All of the polymerizations resulted in narrow MW
distribution (Ɖ ~ 1.2) measured by gel permeation chromatography (GPC), and thus indicated the
preservation of the functionalities.
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Figure 76: Synthetic Protocol of EO-hv-SEOs.
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Table 9: Solvent Effect on Yne-ONB-CTA Mediated Styrene Polymerization.

a

Solvent

[St]:[CTA]:[AIBN]
(:[Solvent])a

Conv. (%)

Mnb
(g/mol)

Ɖb

Bulk

500:1:0.11

28

11600

1.16

Cyclohexane

500:1:0.11(:500)

15

7200

1.15

DMF

500:1:0.11(:500)

21

10400

1.15

Dioxane

500:1:0.11(:500)

41

20200

1.23

Dioxane

500:1:0.11(:1000)

35

17600

1.20

The polymerizations were performed at 70 oC for 18 hours. bMeasured by GPC against polystyrene

standards.

To install another alkyne at the ω-terminus, single unit insertion was performed by reacting
the isolated PSt (1 equiv.), 2,2′-azobis(2-methylpropionitrile) (AIBN, 0.1 equiv.), and a maleimide
carrying propargyl ester (MI-Yne, 3~5 equiv) in a 1,4-dioxane solution at 70oC. This procedure
was essentially a RAFT chain extension process that was limited to propagate for only one unit of
maleimide, due to its fast kinetics of reacting with a PSt propagating radical center while
sluggishness in homopolymerization. The reaction was clean and quantitative, which was
evidenced by the disappearance of the benzylic proton (broad) adjacent to trithiocarboante and the
rising of a new alkyne proton in 1H NMR (Figure 77), as well as narrow GPC traces (Figure 78).
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Figure 77: NMR Characterization of Polystyrene Before and After MI-Yne Insertion.
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PEO-N3 (4.5k)
ONB-PS
PS with Alkyne at each end
EO-hv-SEO

GPC Retention Time

Figure 78: GPC Traces of PEO, PSt, and EO-hv-SEO.
Finally, Cu(I) catalyzed alkyne-azide cycloaddtion was employed to efficiently link two
identical azide terminated poly(ethylene oxide) (PEO) to the alkyne groups at both chain ends of
PSt (evidenced by the 1H NMR in Figure 79), so that a topologically symmetric triblock copolymer
was produced. The retained narrow MW distribution measured by GPC (Figure 78) confirmed that
side reactions were neglegible. This synthetic protocol provides a general pathway, by which
various monomers can be polymerized and the compositions can be easily tuned. It should also be
pointed out that different polymer blocks can be attached to each alkyne in the PSt to form
asymmetric triblock copolymers, if a “click“ reaction is conducted on the α-terminus alkyne before
the single unit insertion reaction. This allows the feasibility of achieving more complexed polymer
structure and thus brings more versatality to the system.
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Figure 80: UV Cleavage Reaction of EO-hv-SEO.
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Three BCPs (Table 10) were investigated in this chapter and the BCP thin films were
developed using solvent vapor annealing (SVA) and UV exposure. In the first step, EO-hv-SEO-1
was spin-coated from toluene solution onto clean silicon wafers. Then, the as-spun films were
annealed in a H2O atmosphere for 1 hour and tetrahydrofuran (THF) for 2 hours, sequentially, to
achieve fingerprint patterns shown by Atomic Force Microscopy (AFM, Figure 81). After being
exposed to UV light (365 nm) for various time to convert PEO4.5k-ONB–PSt27k-b-PEO4.5k into
PSt27k-b-PEO4.5k and PEO4.5k (Figure 80), these thin films were re-annealed in H2O/THF
atmosphere, where the annealing time was previously found to be the key factor for domain
orientation.265 It was found that sequential SVA in H2O for 1 hour and THF atmosphere for 2 hours
is optimal for developing morphology into hexagonal packed cylinders oriented perpendicular to
the surface. Grazing-Incident Small Angle X-ray Scattering (GISAXS) was conducted to confirm
the domain spacing, which was in excellent agreement with AFM measurements. It was found that
the thin film without UV exposure had a domain spacing of 32.1 nm, while the spacing was
gradually increased to 35.7 nm with the exposure time extended to 1 hour (Figure 81 and 82). The
~11% increase in spacing was due to two proposed mechanisms. In the first place, the cleavage
product PSt27k-b-PEO4.5k was expected to display a large spacing than the original triblock (which
should theoretically possess a spacing more comparable to or slightly larger than that of PSt13.5k-bPEO4.5k).200 When the ONB junctions were gradually cleaved, the amount of diblock copolymers
in the thin films increased, while the ratio of triblock copolymers decreased. As a consequence the
domain spacing was amplified. In addition to the architecture switching from diblock to triblock
copolymer, the PEO homopolymer induced swelling could also be an important factor affecting the
domain spacing.266,267 As another product of the UV induced reaction, PEO4.5k was generated in a
1:1 (mol:mol) ratio with PSt27k-b-PEO4.5k, and could swell the PEO domain to enlarge the features
to further increased the spacing. After UV treatment, the long range order of the self-assembled
thin films was slowly lost, as observed by AFM as well as indicated by the broadened peaks in
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GISAXS patterns, which was possible due to UV induced side reactions, such as UV induced
crosslinking reactions, as well as broadened MW distribution and inhomogeneous ONB cleavage.
It should be noted that the ONB cleaving efficiency was not quantitative, since 1:1 (mol:mol)
mixture of PEO and PSt-b-PEO usually displays macrophase separated morphologies, which was
not observed at such extent of UV treatment. Extended exposure time failed to further increase the
spacing, and even a slight reduction was observed (34.4 nm for 2 hours exposure), which is
presumably attributed to that only fractional ONB junctions resulted in PEO/PSt-b-PEO upon UV
cleavage. Although it remain unclear, we suspect that this might be due to UV induced homolysis
at the trithiocarbonate sites and radicals were generated at PSt chain ends.268,269 The formed radicals
could couple with o-nitrosobenzaldehyde groups to give (PEO4.5k)2-PSt27k miktoarm copolymer
(Figure 83), which is expected to show a spacing smaller than that of PEO4.5k-b-PSt27k.259
Table 10: List of EO-hv-SEOs Investigated.

a

#

PSt MWa
(kg/mol)

ƉPStb

PEO MWa
(kg/mol)

ƉPEOb

ƉBCPb

1

27

1.14

4.5

1.05

1.17

2

49

1.15

6.7

1.10

1.33

3

76

1.22

6.7

1.10

1.28

The MWs of PSt and PEO were determined by GPC and NMR, respectively. bThe Ɖs of the PSt

block, PEO block, and overall BCP were measured by GPC against polystyrene standards.
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Figure 81: AFM Height Images of EO-hv-SEO-1 Thin Films.
The size of the images are 1 μm * 1 μm.
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Figure 82: Azimuthally Integrated GISAXS Profiles of EO-hv-SEO-1 Thin Films.
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Figure 83: Proposed Side Reactions during UV Exposure.
On EO-hv-SEO-2 thin films, the spacing was increased by 21% (from 33.9 nm to 40.9 nm),
when the UV treatment was applied for 1 hour, while the spacing experienced no further
enhancement with extended exposure. The results are presented in Figure 84 and Figure 85.
UV 0 hour

UV 0.5 hours

UV 1 hour

UV 2 hours

Figure 84: AFM Height Images of EO-hv-SEO-2 Thin Films.
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Figure 85: Azimuthally Integrated GISAXS Profiles of EO-hv-SEO-2 Thin Films.
The thin film of EO-hv-SEO-3 showed a nanopattern consisting of dots, after SVA with
H2O/THF. However, based on the composition (fPEO = 12% in bulk material), it is more likely that
the pattern consisted of spherical arrays instead of perpendicular cylinders. After the standard
procedure of UV exposure and SVA, it was found that the spacing was increased from 39.6 nm to
44.9 nm, 47.6 nm, 49.1 nm, and 51.7 nm after UV treatment for 1, 2, 4, and 8 hours, respectively
(Figure 86 and Figure 87). By comparing the maximum spacing increase in the three BCPs (11%,
21%, and 31% respectively), it was found that more significant change could be achieved in higher
MW samples. The cause of this trend is possibly due to the higher MW leading to dilution of ONB
junctions at the PEO/PSt interface, and thus reduced chance of the side reaction involving
trithiocarbonate and nitroso groups to suppress spacing increase.
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Figure 86: AFM Height Images of EO-hv-SEO-3 Thin Films.
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Figure 87: Azimuthally Integrated GISAXS Profiles of EO-hv-SEO-3 Thin Films.
To demonstrate the spacing change mechanism(s), the effect of UV exposure on PSt19k-bPEO6.7k without ONB junction was investigated. It was found that after 0~2 hours UV treatment
and sequential SVA process, the domain spacing was almost constant at ~34 nm (Figure 88 and
153

89). This confirms that the reaction on the ONB junction was the key to achieving tunable d-spacing,
and random degradation along the polymer backbone was absent.
UV 0 hour

UV 0.5 hour

UV 1 hour

UV 2 hours

Figure 88: AFM Height Images of PSt19k-b-PEO6.7k Thin Films.
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Figure 89: Azimuthally Integrated GISAXS Profiles of PSt19k-b-PEO6.7k Thin Films.
In order to further understand the contribution from both the architectural change and
homopolymer swelling mechanisms to the spacing increase, comparison experiments were
conducted on EO-hv-SEO-3 thin films. The UV exposed EO-hv-SEO-3 films were immersed in
ethanol to extract the cleaved PEO homopolymer, before being treated by SVA with H2O/THF to
develop to nanopattern. This time, it was observed that the spacing was raised from 37.2 nm to 37.4
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nm, 40.3 nm, 41.6 nm, and 42.6 nm after 1, 2, 4, and 8 hours UV exposure (Figure 90 and Figure
91). After that, no sign of further increase was observed in the domain spacing. It demonstrates that,
indeed, the cleaved diblock displayed a larger spacing than the original triblock as predicted by
theory. Since the ethanol extraction process suppressed the spacing increase, it also proves that,
beside the change in polymer architecture, the cleaved PEO homopolymer has a critical
contribution to spacing increase as well. Based on the spacing enhancement in the two parallel
experiments, it was found these two influences were contributing on a comparable level, at least in
this case, to the d-spacing increase.

UV 0 hour

UV 4 hours

UV 1 hour

UV 2 hours

UV 8 hours

UV 16 hours

Figure 90: AFM Height Images of EO-hv-SEO-3 Thin Films with PEO Removed.
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Figure 91: GISAXS Profiles of EO-hv-SEO-3 Thin Films with PEO Removed.
Given the responsiveness of these materials to UV, we sought to demonstrate the concept
of fabricating hierarchical patterns (Figure 92). A thin film of EO-hv-SEO-1, prepared by spincoating and SVA, was exposed to UV for 2 hours, with the left half of the sample being covered
by a photo mask. After the second SVA treatment, nanodots were achieved with the spacing being
determined to be 32 and 36 nm for the left and right halves, respectively. The spacing values were
in good agreement with our previous results achieved on unmasked film, indicating good
reproducibility. This experiment demonstrates the opportunity of combining photolithography and
ONB containing BCPs to spatially control the placement of two distinctly sized features. It is also
possible to achieve multiple domain spacings by simply applying carefully determined UV
exposures to selected areas.
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BCP Thin Film

Substrate

Figure 92: Hierarchical Pattern Fabrication by Regional UV Exposure.
The sizes of the AFM images are 2 μm * 2 μm.

6.4 Conclusions
In conclusion, a series of triblock copolymers with an ONB junction is reported in this
work. Well-defined PEO-ONB-PSt-b-PEO triBCPs were successfully synthesized by sequential
RAFT polymerization, single maleimide unit insertion, and Cu(I) catalyzed “click” chemistry.
Polymer thin films, developed by SVA-UV exposure-SVA process, displayed domain spacings that
can be conveniently tuned by varying exposure time. The most significant spacing increase
achieved in this work was ~30%. The spacing increase was a result of both polymer architectural
change and homopolymer induced swelling, caused by the photocleavage at the ONB junction.
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This BCP design provides opportunities for the fabrication of thin films with tunable domain
spacings in spatially controlled regions. We also suggest that by doing an additional step of “click”
reaction during the polymer synthesis, it is possible to introduce more components into the system
for fabrication of more complexed hierarchical pattern, for example ABA’ and ABC triblock
copolymers.
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CHAPTER 7

FUNCTIONAL RAFT AGENTS: SYNTHESIS BY SINGLE MONOMER INSERTION
AND CONTROLLED POLYMERIZATION

7.1 Introduction
Reversible

Addition-Fragmentation

Chain

Transfer

Radical

Polymerization

/Macromolecular Design by Interchange of Xanthates (RAFT/MADIX) polymerization has been
widely used in polymer synthesis due to its mild reaction conditions and excellent tolerance to
functionalities. In the polymerization mechanism, the key molecule is a highly efficient chain
transfer agent (CTA), which undergoes rapid reversible switching between polymer chain ends.134
The fast chain transfer reaction averages the number of monomers added to each chain and thus
enables the production of polymer chains with similar lengths. The chain transfer rate is primarily
controlled by the structure of the thioester groups, in other word, the identities of trithiocarbonate,
dithiobenzoate, xanthate, etc. However, careful selection of the leaving groups in CTAs is also very
important for efficient chain transfer reactions, otherwise it may result in partial initiation and thus
a broad MW distribution.
Relative easy incorporation of functionalities to polymer chain terminus is another
advantage of the RAFT/MADIX technique.270 It can provide precise control over not only the
identities but also the positions of the functionalities in the resulting polymers. This often requires
sophisticated design of RAFT CTAs. The functional groups can be introduced into either the
leaving group or the Z group, resulting in - or ω-end functionalized polymers, respectively.
However, more often the α-terminus is preferable in functionalization, because the ω-end group
can be easily cleaved due to the labile nature of thioesters.271–274
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One popular method to introduce functionalities is by esterification or amidification
reactions.74,169,275–277 Thanks to the tremendous advancement in mild and high efficient synthesis in
ester and amide bonds, numerous CTAs were synthesized by coupling the carboxylic acid group
with hydroxyl or amine linked functional groups. However, ester and amide linkages are not always
preferable. One reason may be that they are readily hydrolyzable. Another widely adopted method
is to use nucleophilic substitution of nucleophilic thio-compound towards functional benzyl
halide.278 For example, the bromomethylphenyl group attached to terpyridine was substituted with
thiourea and then converted into dithiobenzoate. This CTA was used to synthesize terpyridine
functionalized polymers, and the polymers can be linked together via the coordination between
terpyridine and ruthenium cation.279 Alkoxysilyl functionalized benzyl halides were substituted by
trithiocarbonate salt, and were used in surface functionalization.280,281 Substituting α,α’-dibromo-pxylene (DXB) yielded symmetric CTA, which were applied to synthesize symmetric
(co)polymers.132,282–284 Multifunctional CTAs can be simply prepared by substituting the core
molecule carrying multiple benzyl halide groups, which were used in star-like polymer
synthesis.75,285,286 Vinylbenzyl imidazole dithiobenzoate were reported in branched polymer
synthesis,287 while silylbenzyl trithiocarbonate was used for facile end-group analysis.288 An
alkoxyamine-benzyl chloride was reacted with trithiocarbonate to synthesize NMP/RAFT dual
functional initiator/CTA.289 Chloromethylbenzyl alcohol can be reacted to install thioesters in the
first step, and a variety of chemistries were conducted on the hydroxyl group for further
functionalization.290–293 In addition, remarkable work in literature was put forth into
desymmetrization reactions of α,α’-dibromo-p-xylene (DBX) or similar molecules. DBX was
mono-substituted to form organic salts, such as ammonium and phosphonium.294–298 These
synthetic efforts were facilitated by the significantly different solubility of monocationic, dicationic,
and non-cationic species in organic solvents. As for non-ionic molecules, they can be isolated with
more careful procedures. A large amount of DBX was used to ensure the mono-substitution product
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being obtained in good yields. In one report, DBX was mono-substituted by alcohols, and then the
remaining benzyl bromide was substituted by various thioacid salts.299,300 The polymerization was
carefully investigated and the norbornene (NBE) linked polymers were subjected to thiol-ene and
tetrazine-NBE reactions for further functionalization.301 However, relatively broad MW
distribution (Ɖ~1.3) were achieved and sometimes reduced end-group efficiency was observed.
To broaden the library of RAFT CTA synthesis methodologies, herein we adopt the single
monomer insertion technique to take advantage of the enormous availability of various commercial
or synthetic styrenic monomers. High efficient single monomer insertion of several functional
styrenic molecules is performed on a basic RAFT CTA, to prepare functional CTAs in excellent
yields. This highly efficient technique was recently discovered as the selective initiation
phenomenon in RAFT polymerization.302–306 However, it had been scarcely explored in CTA
synthesis. Diphenylanthracenyl with two vinyl groups was reacted with 2 equivalents of 2-cyano2-propyl dithiobenzoate in the presence of catalytic AIBN, the product of which was isolated in
high yield and mediated the synthesis of narrowly dispersed poly(acenaphthylene)s with a
diphenylanthracenyl group in the middle of the chain.307 Perylene diimide, poly(3-hexyl
thiophene),58 and coumarin308 based RAFT CTAs were synthesized in a similar manner. A RAFT
CTA based on 4-tert-butoxystyrene was synthesized and applied in mediating styrene (St)
polymerization to achieve phenol terminated polymer after hydrolysis.309 In addition, it was found
that after the insertion of a single styrene monomer, an isopropylacrylamide can be sequentially
added.310 Another drawback is that no detailed discussion on the controlled polymerization was
present in the literature, as far as we are aware. The efficiency in RAFT polymerization was
analyzed on representative monomers by synthesizing end functionalized (co)polymers. Multiblock
copolymers and graft copolymer were synthesized by end-group transformation.
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7.2 Experimental Section
7.2.1 Materials
Styrene (St), n-butyl acrylate (nBA), t-butylstyrene (tBS), 2-vinylpyridine (2VP), 4chlomethylstyrene (4CMS), divinylbenzene (DVB, mixture of para- and meta- isomers), vinyl
acetate (VAc), and isoprene were passed through a short column of basic alumina and stored under
-30 oC before use. N-Isopropylacrylamide (NIPAAm) and 2,2’-Azobis(2-methylpropionitrile)
(AIBN) were recrystallized from hexanes and MeOH, respectively. Dried ethyl acetate was stirred
over MgSO4 for at least 48 hours before being used. The acid functionalized RAFT agents, 4-cyano4-[(butylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (COOH-CTA), and benzyl n-butyl
trithiocarbonate were synthesized using reported synthetic protocols.132,210 Alkyne and azide
terminated PEOs were synthesized using previously reported methods.261,311 Other chemicals were
used as received.
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Figure 93: Synthetic Protocol of O-CTA.
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7.2.2 Synthesis of 2-Cyano-2-propyl butyl trithiocarbonate
The base RAFT agent, 2-Cyano-2-propyl butyl trithiocarbonate (O-CTA), was synthesized
using a previously reported protocol and scaled up to a larger batch.210,312,313 The synthetic protocol
is shown in Figure 93.
In the first step, 16.5 mL n-butanethiol was added into a conical flask containing 50 mL
H2O and 100 mL diethyl ether. Then, 9.01 g KOH in pellet form was gradually added during a
period of 20 minutes, and mixture was stirred for another 10 minutes. When 15 mL carbon disulfide
was added dropwise into the stirring phase-separated liquid mixture, the top organic layer slowly
turned yellow. One hour later, 21.02 g elementary iodine was added in portions (~1g), and the
organic layer became reddish yellow first and then turned dark. The reaction was kept for another
hour and quenched by adding ~4 g sodium ascorbate to reduce iodine to non-toxic iodide. The
reddish yellow organic layer was diluted with 100 mL diethyl ether and washed with 200 mL
deionized water four times. Removing diethyl ether by rotary evaporation resulted in
bis(butylsulfanylthiocarbonyl) disulfide.
The product was used directly in the second step without further purification. In a Schlenk
flask was added the disulfide compound as well as 16.4 g crude AIBN and 100 mL ethyl acetate.
The mixture, was degassed nitrogen purge for 20 minutes and then sealed by a rubber septum,
before being heated at 80 oC to initiate the reaction. (Be careful: large amount of nitrogen can be
produced during this reaction.) A needle was left in the septum to balance the pressure. After 48
hours, the mixture was filtrated and concentrated. Column chromatography was used to isolate OCTA (31.2 g, yield = 74%). The structure was confirmed by 1H NMR (Figure 94).
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Figure 94: 1H NMR of O-CTA.
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Figure 95: Chemical Structure and NMR Characterization of Cl-CTA.

7.2.3 Synthesis of Benzyl Chloride Functionalized CTA
In a reaction vessel, 1.581 g 4CMS was mixed with 2.338 g O-CTA, 152 mg AIBN, and 6
mL ethyl acetate. The yellow solution was degassed by purging with nitrogen for 30 minutes and
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then sealed with a rubber septum before being heated to 70 oC. (Be careful: a significant amount of
nitrogen can be produced and a needle was plugged to balance the pressure.) After 48 hours, the
solution was concentrated and subject to column chromatography using hexanes: ethyl acetate =
20:1 (v:v) as the eluent to yield a yellow oil with high viscosity as the product Cl-CTA (3.50 g,
yield = 90%). The chemical structure was confirmed by NMR (Figure 95) and MS (Theoretical
385.1, ES-MS 385.1 for M+).

7.2.4 Synthesis of Telechelic CTA from Divinylbenzene
In a reaction vessel, 0.28 g divinylbenzene (DVB) was mixed with 1 g O-CTA, 138 mg
AIBN, and 3 mL ethyl acetate. The yellow solution was degassed by purging nitrogen for 20
minutes and then sealed with a rubber septum before being heated to 70 oC. (Be careful: a
significant amount of nitrogen can be produced.) A needle was left in the septum to balance the
pressure. After 48 hours, the solution was concentrated and subject to column chromatography
using hexanes: ethyl acetate = 10:1 (v:v) as the eluent to yield a yellow oil with high viscosity as
the product DVB-CTA (1.14 g, yield = 88%). The chemical structure was confirmed by NMR
(Figure 96) and MS (Theoretical 596.2, FAB-MS 597.3 for M+H, EI-MS 596.4 for M+).
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Figure 96: Chemical Structure and NMR Characterization of DVB-CTA.
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7.2.5 Synthesis of Pentafluorophenyl Functionalized CTA
Pentafluorophenyl vinylbenzyl ether (StF5) was synthesized using a reported method, as
proved by 1H NMR (Figure 97).314

*

Figure 97: 1H NMR Characterization of F5-CTA.
In a reaction vessel, 2.30 g StF5 was mixed with 1.91 g O-CTA, 150 mg AIBN, and 10 mL
dried ethyl acetate. The yellow solution was degassed by purging nitrogen for 20 minutes and then
sealed with a rubber septum before being heated to 70 oC. (Be careful: a significant amount of
nitrogen can be produced.) A needle was left in the septum to balance the pressure. After 48 hours,
the solution was concentrated and subject to column chromatography using hexanes: ethyl acetate
= 5:1 (v:v) as the eluent to yield a yellow oil with high viscosity as the product F5-CTA (3.67g,
yield = 90%). The chemical structure was confirmed by NMR (Figure 98) and MS (Theoretical
533.09, FAB-MS 534.10 for M+H). It was observed that affected spin-spin coupling with fluorine
atoms, the signals of carbon atoms on the pentafluorophenyl ring splitted into multiplets.
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Figure 98: Chemical Structure and NMR Characterization of F5-CTA.

7.2.6 Synthesis of Alkyne Functionalized CTAs
Two version of alkyne functionalized CTAs were synthesized.
The first one was synthesized via Steglich esterification. At 0 oC, 850 mg propargyl alcohol,
2.03 g COOH-CTA, and 87 mg 4-dimethylaminopyridine (DMAP) were dissolved in 20 mL
dichloromethane. To the stirring mixture, 1.71 g N,N'-Dicyclohexylcarbodiimide (DCC) was
slowly added. The reaction was allowed to run overnight and then cooled down to -30 oC before
being filtrated to remove dicyclohexyl urea. The concentrated mixture was purified using column
chromatography (hexanes:ethyl acetate = 5:1, v:v) to obtain a reddish yellow oil as the product,
Yne-Ester-CTA (1.99 g, yield = 87%). The chemical structure was confirmed by NMR (Figure 99).
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Figure 99: Chemical Structure and NMR Characterization of Yne-Ester-CTA.
The second alkyne functionalized CTA was synthesized via a two-step strategy. In the first
step, propargyl vinylbenzyl ether (StYne) was synthesized using a reported method.57 The chemical
structure was confirmed by 1H NMR (Figure 100).
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Figure 100: 1H NMR Characterization of StYne.
In a reaction vessel, 2.13 g StYne was mixed with 3.20 g O-CTA, 208 mg AIBN, and 10.1
g dried ethyl acetate. The yellow solution was degassed by purging nitrogen and then sealed with
a rubber septum for 20 minutes before being heated to 70 oC. (Be careful: a significant amount of
nitrogen can be produced.) A needle was left in the septum to balance the pressure. After 48 hours,
the solution was concentrated and subject to column chromatography using hexanes: ethyl acetate
= 10:1 (v:v) as the eluent to yield a yellow oil with high viscosity as the product Yne-CTA (4.03 g,
yield = 80%). The chemical structure was confirmed by NMR (Figure 101) and MS (Theoretical
405.1, FAB-MS 406.1 for M+H). One impurity fraction was isolated as A side product in the single
monomer insertion reaciton (Figure 102).
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Figure 101: Chemical Structure and NMR Characterization of Yne -CTA.
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Figure 102: 1H NMR Characterization of a Side Product in Yne-CTA Synthesis.
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Figure 103: Chemical Structure and 1H NMR Spectrum of 5-Norbornene-2-methanol.

7.2.7 Synthesis of Norbornene Functionalized CTA
In the first step, 5-norbornene-2-methanol (mixture of endo- and exo-isomers) was
synthesized by reducing 5-norboenen-2-carboxaldehyde. Into a conical flask was added 25 g 5norboenen-2-carboxaldehyde and 200 mL MeOH. At 0 oC, 21.6 g sodium tetrahydroborate was
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added in portions (~1 g) to the stirring mixture. After 12 hours, the reaction was quenched with 100
mL HCl solution (~1 M) and 100 mL deionized water. The product was extracted with ethyl acetate
from water layer, and purified by passing a short column. The structure was confirmed by 1H NMR
(Figure 103).
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Figure 104: Chemical Structure and 1H NMR Characterization of StNBE.
In the second step, sodium hydride (60% suspension in oil, 4.43 g) was stirred with hexanes
and then quickly filtered before use. Into a conical flask, 7.74 g potassium iodide, 14.47 g 4CMS,
9.05 g 5-norbornene-2-methanol, and 150 mL DMF was charged at 0 oC. While stirring the mixture,
NaH was slowly added during a period of 10 minutes. One hour later, the reaction was allowed to
warm to room temperature and run overnight. Finally, the reaction was quenched by slowly adding
water. The mixture was partitioned between H2O and diethyl ether. The organic layer was collected
and washed with H2O for 3 times. Finally, the organic layer was concentrated and purified using
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column chromatography with hexanes/ethyl acetate (20:1 = v:v) being the eluent to yield a slightly
yellow transparent oil as the product, StNBE. The chemical structure was confirmed by NMR
(Figure 104).
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Figure 105: Chemical Structure and NMR Characterization of NBE-CTA.
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In the third step, 6.49 g StNBE was mixed with 6.40 g O-CTA, 520 mg AIBN, and 14.16
g dried ethyl acetate in a Schlenk flask. The yellow solution was degassed by purging nitrogen for
20 minutes and then sealed with a rubber septum before being heated to 70 oC. (Be careful: a
significant amount of nitrogen can be produced.) A needle was left in the septum to balance the
pressure. After 48 hours, the solution was concentrated and subject to column chromatography
using hexanes: ethyl acetate = 8:1 (v:v) as the eluent to yield a yellow oil with high viscosity as the
product NBE-CTA (9.563 g, yield = 74%). The structure was confirmed by NMR (Figure 105) and
MS (Theoretical 473.19, FAB-MS 474.18 for M+H).

7.2.8 Synthesis of a CTA with 2 Alkyne and 2 Trithiocarbonate Groups
In a Schlenk flask, 639 mg StYne was mixed with 980 mg TTC2, 56 mg AIBN, and 6.00 g
dried ethyl acetate. The yellow solution was degassed by purging nitrogen for 20 minutes and then
sealed with a rubber septum before being heated to 70 oC. (Be careful: a significant amount of
nitrogen can be produced.) A needle was left in the septum to balance the pressure. After 48 hours,
the solution was concentrated and subject to column chromatography using hexanes: ethyl acetate
= 5:1 (v:v) as the eluent to yield a yellow oil with high viscosity as the product, Yne2TTC2 (967
mg, yield = 54%). The structure was confirmed by NMR (Figure 106) and MS (Theoretical 996.3,
FAB-MS 995.3 for M-H).
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Figure 106: Chemical Structure and NMR Characterization of Yne2TTC2.
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7.2.9 Synthesis of a CTA with 3 Benzyl Chloride and 3 Trithiocarbonate Groups
In a Schlenk flask, 0.37 g 4CMS was mixed with 0.75 g TTC3, 15 mg AIBN, and 7.41 g
1,4-dioxane. The yellow solution was degassed by purging nitrogen for 20 minutes and then sealed
with a rubber septum before being heated to 70 oC. (Be careful: a significant amount of nitrogen
can be produced.) A needle was left in the septum to balance the pressure. After 48 hours, the
solution was concentrated and subject to column chromatography using hexanes: ethyl acetate =
4:1 (v:v) as the eluent to yield a yellow oil with high viscosity as the product, Cl3-TTC3 (782 mg,
yield = 73%). The structure was confirmed by NMR (Figure 107, trace residual ethyl acetate was
observed) and MS (Theoretical 1395.3, FAB-MS 1396.4 for M+H).
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Figure 107: Chemical Structure and NMR Characterization of Cl3-TTC3.

7.2.10 Synthesis of Benzyl Chloride and Alkyne Functionalized CTA
In a Schlenk flask, 598 mg 4CMS was mixed with 1.13 g Yne-Ester-CTA, 73 mg AIBN,
and 4.6 g dried ethyl acetate. The yellow solution was degassed by purging nitrogen for 20 minutes
and then sealed with a rubber septum before being heated to 70 oC. (Be careful: a significant amount
of nitrogen can be produced.) A needle was left in the septum to balance the pressure. After 48
hours, the solution was concentrated and subject to column chromatography using hexanes: ethyl
acetate = 8:1 (v:v) as the eluent to yield a yellow oil with high viscosity as the product, Yne-ClCTA (yield = 66%). The structure was confirmed by NMR (Figure 108) .
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Figure 108: Chemical Structure and NMR Characterization of Yne-Cl-CTA.
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7.2.11 Synthesis of Hydroxyl Functionalized CTA
At 0

o

C, 50 mL diethylene glycol, 6.40 g COOH-CTA, and 156 mg 4-

dimethylaminopyridine (DMAP) were mixed with 20 mL dichloromethane. The large excess of
diethylene glycol was used intentionally to ensure asymmetric esterification. To the stirring mixture,
1.71 g N,N'-Dicyclohexylcarbodiimide (DCC) was slowly added. The reaction was allowed to run
overnight and then cooled down to -30 oC before being filtrated to remove dicyclohexyl urea. The
concentrated mixture was purified using column chromatography (hexanes:ethyl acetate = 1:1, v:v)
to obtain a reddish yellow oil as the product, OH-CTA (6.83 g, yield = 82%). The chemical structure
was confirmed by NMR (Figure 109, trace residual ethyl acetate was observed) and MS
(Theoretical 379.09, FAB-MS 380.07 for M+H).
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Figure 109: Chemical Structure and NMR Characterization of OH-CTA.
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7.2.12 Synthesis of CTA Based on CMS and Maleimide
In a Schlenk flask, 1.78 g Cl-CTA was mixed with 0.82 g 1,1’-(methylenedi-4,1phenylene)bismaleimide, 38 mg AIBN, and 25 mL dioxane. The yellow solution was degassed by
purging nitrogen for 20 minutes and then sealed with a rubber septum before being heated to 70 oC.
(Be careful: a significant amount of nitrogen can be produced.) A needle was left in the septum to
balance the pressure. After 48 hours, the solution was concentrated and subject to column
chromatography using hexanes: ethyl acetate = 2:1 (v:v) as the eluent to yield a yellow glassy solid
as the product, Cl2-MI2-TTC2 (1.622 g, yield = 63%). Preliminary characterization was by 1H NMR
(Figure 110).
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Figure 110: Chemical Structure and 1H NMR Characterization of Cl2-MI2-TTC2.
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7.2.13 Synthesis of ONB and Alkyne Functionalized CTA
In a Schlenk flask, 1.60 g Yne-ONB-CTA was mixed with 593 mg StYne, 62 mg AIBN,
and 12 g dry ethyl acetate. The yellow solution was degassed by purging nitrogen for 20 minutes
and then sealed with a rubber septum before being heated to 70 oC. (Be careful: a significant amount
of nitrogen can be produced.) A needle was left in the septum to balance the pressure. After 48
hours, the solution was concentrated and subject to column chromatography using hexanes: ethyl
acetate = 2:1 (v:v) as the eluent to yield a yellow oil with high viscosity as the product, Yne-ONBYne-CTA (1.88 g, yield = 83%). The chemical structure was confirmed by NMR (Figure 101,
residual ethyl acetate was observed).
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Figure 111: Chemical Structure and NMR Characterization of Yne-ONB-Yne-CTA.

7.2.14 Synthesis of Cyclooctene Functionalized Xanthate
5-Azido-1-cyclooctene (AzCOE) was synthesized in the first place. In a flask, 20 g
cyclooctadiene was charged, and 33 mL HBr (33 wt% in acetic acid) was added gradually over a
period of 30 minutes. The reaction was kept overnight, and then diluted with diethyl ether. Sodium
bicarbonate solution was added to the stirring organic solution, until no further gas was produced.
The organic was collected and washed twice with deionized water, before ethyl acetate was
removed. The resulted mixture was purified by column chromatography with 3 v% ethyl acetate in
hexanes, to give 5-bromo-1-cyclooctene (BrCOE, 14g, yield = 40%). The chemical structure was
confirmed by 1H NMR (Figure 112).
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In a round-bottom flask was added 6 g purified BrCOE, 5 g NaN3, and 25 mL DMF. The
mixture was heated to 60 oC for 72 hours, before it was partitioned between 100 mL ethyl acetate
and 100 mL deionized water. The organic layer was collected and washed twice with water, before
being dried with magnesium sulfate. After passing through a short column, AzCOE was isolated
(2.8 g, yield = 58%). The chemical structure was confirmed by MS (Theoretical 151.1, EI+ MS
151.0 for M+) and 1H NMR (Figure 112), as the peak ( = ~4.3 ppm) corresponding to
CH2CHBrCH2 disappeared, while a new peak (( = ~3.5 ppm) arised, which was assigned to
CH2CHN3CH2.
O-ethyl S-prop-2-ynyl carbonodithioate (C≡C-Xan) was synthesized using a previously
reported method.315 Potassium ethyl xanthogenate (4.7 g), propargyl bromide 80% solution in
toluene (3.8 g), and THF (15 mL) were placed in a 50 mL round-bottomed flask in dark. The
reaction mixture was stirred overnight at room temperature. The product was isolated by column
chromatography, as a pale yellowish oil (Figure 112).
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Figure 112: 1H NMR Characterization of BrCOE, AzCOE, and C≡C-Xan.
In the final step, 2.6 g C≡Can, 2.2 g AzCOE, and 15 mL THF were placed in a reaction
vessel. At 0 oC, the mixture was degassed by nitrogen purge for 10 minutes, before 200 mg Cu(I)Br
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was added under nitrogen flow. After another 10 minutes of degassing, 200 μL was added by a
microsyringe. The reaction mixture was stirred at 0 oC for 1 hour and then warmed up to room
temperature. After 16 hours, the solution was concentrated and subjected to column
chromatography to yield the cyclooctene functionalized xanthate (COE-Xan, 3.3 g, yield = 73%)
as a pale yellowish oil, which slowly solidified when stored in the fridge. The chemical structure
was confirmed by NMR (Figure 113) and MS (Theoretical 311.1, FAB-MS 312.1 for M+H).
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Figure 113: Chemical Structure and NMR Characterization of COE-Xan.

7.2.15 Controlled Radical Polymerization
A representative procedure is described here. In a reaction tube, 48 mg Cl-CTA, 1.942 g
St, and 2.3 mg AIBN were added. The mixture was degassed by nitrogen purge and then sealed
before being heated to 60 oC to initiate the polymerization. After 25 hours, the reaction was
quenched to 0 oC and a small aliquot was taken for conversion analysis by 1H NMR. The polymer
was purified by precipitating three times into MeOH. For PnBA, MeOH/H2O (3:1 = v:v) was used
for precipitation; for P2VP, diethyl ether/hexanes (2:3 = v:v) was used; diethyl ether was used for
PNIPAAm; hexanes were used for PMMA, P4CMS, and P(St-ran-4CMS); MeOH was used for
PSt, PIp, and PtBS. The DPs were determined by end-group analysis using 1H NMR spectra and
the Ɖs were measured using GPC calibrated against PSt standards.
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Chain extension polymerizations were conducted in similar manners. A representative
procedure is described here. In a reaction tube, 1.50 g Cl-PSt, 3.91 g nBA, 5.36 g 1,4-dioxane, and
3.3 mg AIBN were added. The mixture was degassed by nitrogen purge and then sealed before
being heated to 60 oC to initiate the polymerization. After 6.5 hours, the reaction was quenched to
0 oC. The polymer was purified by precipitating three times into MeOH. The DP of the extended
block was determined by the ratio against the first block with previously determined DP using 1H
NMR and the Ɖ was measured using GPC calibrated with PSt standards.

7.2.16 Kinetics Study of VAc Polymerization Mediated by COE-Xan
In a Schlenk flask, 10.302 g VAc, 13.0 mg AIBN, and 247.8 mg COE-Xan ([VAc] :
[AIBN] : [COE-Xan] = 150:0.1:1) were mixed. The mixture was degassed by nitrogen purge for
30 minutes, before being heated to 70 oC to initiate the polymerization. Aliquots were taken
carefully with the system protected with gentle nitrogen flow, after predetermined time intervals.
The aliquots were subjected to 1H NMR and GPC (calibrated with PMMA standards) for
conversion and MW analysis. The kinetics data is shown below. Figure 114A shows the
relationship between ln(1-conv.) and reaction time. The linear regression of the data points between
4 and 10 hours gives the equation
ln(1-conv.) =0.1638*t-0.5133
with an R2 value being 0.9984, where t is in the unit of hour. This means during this reaction time
interval, the monomer consumption rate was proportional to the concentration of residual monomer,
which is a strong indication of relatively consistent concentration of active radical species. It
demonstrates the pseudo-living characteristics of this polymerization. It was also found that this
polymerization has an induction period of ~3 hours, which is typical as observed in other reports.316–
318
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Figure 114: Kinetics Study of VAc Polymerization Mediated by COE-Xan.
A) Conversion vs polymerization time. B) MW vs conversion.
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In Figure 114B, the MW evolution was plotted against the monomer conversion, where the
black solid line is the theoretical MW calculated from monomer conversion. It was observed that
in the early stage of the polymerization, good agreements between MWGPC and MWtheo were
achieved, with Ɖ values around 1.25, indicating well-controlled polymerization kinetics and linear
polymer architecture. However, in the later stage, when the conversion went beyond 40%, the
measurement MWGPC began to deviate from the theoretical values. These could be attributed to two
factors. One is the calibration method using PMMA standards might have led to errors in MW
measurement. More important is possibly the presence of side reactions, which is indicated by the
raised MW distribution measured by the Ɖs. Irreversible chain transfer to the allyl position or
copolymerization of the C=C in the cyclooctene end-group is highly susceptible.

7.2.17 Trithiocarbonate End-group Removal
A typical procedure is described here for polymers with a styrenic end-block. In a reaction
vessel, 470 mg Cl-PSt-b-PnBA-b-PSt (MW ≈ 16.3 kg/mol) was mixed with 27 mg lauroyl peroxide,
120 mg AIBN, 3 mL tolunene, and 2 mL 1,4-dioxane. After being purged with nitrogen for 20
minutes, the vessel was sealed and then heated to 80 oC. After 10 hours, the reaction mixture was
precipitated into EtOH to isolate the modified block copolymer, Cl-PSt-b-PnBA-b-PSt_ER. The
efficiency of the reaction and absence of side reaction were confirmed by 1H NMR (Figure 115)
and GPC. As shown by the red box in the 1H NMR, the SCH2CH2 peak ( ≈ 3.3 ppm) was seen in
the original spectrum, while disappeared in the spectrum after trithiocarbonate cleavage.
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Figure 115: 1H NMR Characterization of Cl-PSt-b-PnBA-b-PSt.
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A typical procedure is described here for polymers with a non-styrenic end-block. In a
reaction vessel, 1.86 mg Yne-PMMA (MW ≈ 6.3 kg/mol) was mixed with 238 mg styrene, 3.8 mg
AIBN, and 12 mL 1,4-dioxane. After being purged with nitrogen for 20 minutes, the vessel was
sealed and then heated to 60 oC. After 48 hours, the reaction mixture was precipitated into hexanes
to isolate polymer with a short polystyrene end-block. Then the polymer was subjected to the
standard process mentioned above to remove the trithiocarbonate end-group.

7.2.18 Azide Installation of Benzyl Chloride Functionalized Polymers
A typical procedure is described here. The polymer, Cl-PSt-b-PnBA-b-PSt_ER, (310 mg)
is dissolved in 3 mL DMF together with 70 mg NaN3. After being heated to 60 oC for 72 hours, the
polymer, N3-PSt-b-PnBA-b-PSt_ER, was isolated by precipitation into methanol twice. Shown by
H NMR in Figure 115 (highlighted with a green box), the peak at  ≈ 4.6 ppm, assigned to

1

ArCH2Cl disappeared and a new peak at  ≈ 4.3 ppm was raised, which was assigned to ArCH2N3.

7.2.19 “Click” Synthesis of Polymers
A typical procedure is described here. In a reaction vessel, 230 mg alkyne endfunctionalized PEO (MW ≈ 4.5 kg/mol) was mixed with 260 mg N3-PSt-b-PnBA-b-PSt_ER, 5 mg
Cu(I)Br, and 5 mL tolunene. The mixture was purged with nitrogen for 20 minutes and then sealed.
Using a micro-syringe, 15 μL N,N,N’,N”,N”-pentamethyldiethylenetriamine (PMDETA) was
added to start the reaction. The polymer was precipitated into hexanes and then re-dissolved in
dichloromethane to pass through a short column of basic Al2O3 for removal of Cu species. The
polymer was precipitated into hexanes again. Finally, the polymer was stirred for two days in
H2O/MeOH (3:1 = v:v) to remove excess PEO. The polymer was filtered and washed with
H2O/MeOH (3:1 = v:v) to isolate the product as PEO-b-PSt-b-PnBA-b-PSt_ER. Shown in Figure
115, the peak at  ≈ 4.3 ppm disappeared indicating the quantitative consumption of the benzyl
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azide groups, and the peaks at  ≈ 4.7, 5.5, and 6.6 ppm arose as signals of benzyl triazole. In other
cases, hexanes, acetonitrile/MeOH (1:2 = v:v), and diethyl ether/hexanes (1:1 = v:v) were used for
the removal of access PtBS, PMMA, and PSt, respectively,

7.3 Results and Discussion
First, the syntheses of functional RAFT CTAs are discussed and it will be demonstrated
that the single monomer insertion technique is a high-yield preparation platform to incorporate a
wide range of functional groups. In the second part, the polymerization of representative monomers,
i.e. St, 4-chloromethylstyrene (4CMS), 2-vinylpyridine (2VP), n-butylacrylate (nBA), and Nisopropylacrylamide (NIPAAm), mediated by the synthetic CTAs will be investigated to show the
universal efficiency of the CTAs. Comparison with benzyl butyl trithiocarbonate is presented to
verify the importance of the chemical structure in controlled polymerization. Finally, examples of
end-group transformation on the functionalized polymers will be presented to prove their fidelity
during controlled polymerizations.

7.3.1 Synthesis of functional CTAs
Our synthetic protocol, as shown in Figure 116, was based on styrenic monomers and
started from O-CTA, since O-CTA had been widely demonstrated highly efficient in mediating the
polymerizations of styrenic monomers.
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Figure 116: Synthetic Protocol of Functional RAFT CTAs by Single Monomer Insertion.
A benzyl chloride group was installed into the first CTA, Cl-CTA, which can be easily
transformed into a wide variety of functionalities such as quaternary ammonium, phosphonium,
azide, RAFT CTA, etc. To synthesize this molecule, one equivalent of commercial 4CMS was
allowed to react with O-CTA, in the presence of 0.1-0.2 equivalent of AIBN as the initiator. This
reaction was very similar to a typical RAFT polymerization, except for the amount of the monomer
feed ratio was largely reduced. When the reaction was initiated by cyanoisopropyl radical produced
by thermal degradation of AIBN, the chain transfer reaction took place. One 4CMS unit was added
to an active radical, either from the initiator or the CTA. The chloromethylstyrene unimer radical
was quickly capped with a trithiocarbonate before it propagated with a second monomer, due to the
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extremely high chain transfer rate of trithiocarbonate. Due to the significantly lower preference in
bonding with trithiocarbonate, cyanoisopropyl radical was the dominating active radical species in
the chain transfer equilibrium, while most of the unimers were capped with trithiocarbonates, until
all of the cyanoisopropyl radicals were consumed (Figure 117). By controlling the feed ratio of
monomer, the extent of propagation was limited to only one monomer (DP = 1). Typically, the
monomers were fully consumed after 24 hours, leaving the unimer being the major product in the
reaction mixture. After column chromatography, Cl-CTA was obtained in 88% yield as a highly
viscous yellow oil, indicating that the benzyl chloride group was inert in this radical process. A
very interesting phenomenon was observed in the 1H NMR spectra (Figure 95, 96, 98, 101, and
104). Two singlets were assigned to the two methyl groups of the 2-cyano-2propyl group. This was
attributed to the fact that the carbon connecting the phenyl ring and the trithiocarbonate was a chiral
center, which differentiated the chemical environments of the methyl groups.
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Figure 117: Reaction Mechanism of Single Monomer Insertion.
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Table 11: List of Polymerizations Mediated by Cl-CTA, DVB-CTA, and F5-CTA.
Reaction
CTA

#

M

Time

[M]0:[CTA]:[I]0

MWGPC

(:[Solvent])

conv.

DPtheo

DPexp

(g/mol)

Ɖ

(Hours)

Cl

DVB

1

St

25

150:1:0.11

68%

102

99

9.8k

1.06

2

St

50.5

201:1:0.08

53%

106

106

9.9k

1.06

3

nBA

26

150:1:0.08(:100)

97%

146

153

21k

1.06

4

nBA

11.5

150:1:0.1(:100)

90%

135

139

19.3k

1.07

5

NIPAAm

18

1:50:0.08(:312)a

97%

48

47

12.1k

1.11

6

Ip

20

658:1:0.1

19%

125

129

12.4k

1.31

1

St

24

200:1:0.13

31%

62

64

6.6k

1.07

2

St

72

200:1:0.07

60%

120

123

12.3k

1.06

3

4CMS

24

122:1:0.11

36%

44

45

6.3k

1.09

4

St+4CMS

46

(101+143):1:0.09

N.D.

-

59+69

12.6k

1.07

5

St+4CMS

94.5

(105+144):1:0.09

N.D.

-

71+78

15.2k

1.07

6

2VP

12

200:1:0.11

57%

114

121

10k

1.08
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F5

a

7

nBA

8.5

150:1:0.15(:100)

84%

126

127

18.8k

1.06

8

NIPAAm

29

150:1:0.12(:766)

77%

116

N.D.

23.5k

1.10

1

St

29

100:1:0.07

38%

38

36

3.9k

1.06

2

St

74.5

200:1:0.09

63%

126

124

11.8k

1.05

3

4CMS

24

100:1:0.08

42%

42

43

5.8k

1.08

4

2VP

12

100:1:0.1

49%

49

50

4.2k

1.06

5

nBA

11

150:1:0.1(:100)

81%

122

124

16.5k

1.06

6

NIPAAm

29

109:1:0.12(:522)

87%

95

98

17.2k

1.09

Here 1,4-dioxane is used as the solvent, while in other cases chlorobenzene and DMF were used for nBA and NIPAAm, respectively.
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The second RAFT agent, DVB-CTA, is a molecule bearing two trithiocarbonate groups,
since we realized the tremendous research interests received by symmetric BAB or CBABC
multiblock copolymers. This CTA reagent was synthesized by reacting two equivalents of O-CTA
with divinylbenzene. Herein, we used the commercial para- and meta- isomer mixture, and thus
the product was actually a mixture of para- and meta- couterparts. After workup, the isolated yield
was as high as 83%. This indicated that the complication in molecular architecture did not affect
the efficiency of the synthetic protocol. It should be noted that DVB-CTA is different from DBXCTA reported in literature,132,319–321 since it has one methylene groups on each of the benzyl carbon
atoms.
To introduce pentafluorophenyl ether, alkyne, and NBE groups, F5-CTA, Yne-CTA, and
NBE-CTA were synthesized by similar manners, where synthetic styrenic monomers were used.
In the first step, 4-vinylbenzyl chloride was substituted by pentafluorophenolate, 2-propynoxide,
or 5-norbornene-2-methoxide (mixture of endo- and exo-), respectively to conveniently provide the
desired molecules. After that, the styrenic monomers were utilized in single monomer insertion.
The synthesis of F5-CTA resulted in relatively simple product with high yield (90%) after isolation,
because of the high stability of pentafluorophenolate group. However, the other two CTAs were
acquired in lower yield (75% and 73% respectively). This was attributed to the non-negligible side
reactions on the alkyne and NBE. Likely, radical addition to the C≡C and C=C bonds had a
significant contribution. However, it was still reasonable to conclude that our synthetic protocols
displayed universal high efficiency and might provide a useful platform for functional CTA
synthesis.

7.3.2 Controlled Radical Polymerization
The monomers, St, 4CMS, 2VP, isoprene (Ip), nBA, and NIPAAm were subjected to
polymerization mediated by the functional CTAs in this section, as they are not only good
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representatives of styrenics, dienes, acrylates, and acrylamides, but also widely adopted in various
applications.
Cl-CTA was verified in the synthesis of semitelechelic polymers bearing a benzyl chloride
group at the α-end. The polymerization results were summarized in the first section of Table 11.
The theoretical degree of polymerization (DPtheo) was calculated from monomer conversions. The
experimental degree of polymerization (DPexp) was determined by end-group analysis using 1H
NMR. Our results showed that DPtheo matched well with DPexp values. It proved that every CTA
molecule propagated into one polymer chain. Both DPtheo and DPexp conformed closely to the
molecular weight measured by GPC (MWGPC), which indicated that the number of chains was
determined by the amount of CTA. However, larger deviation on PNIPAAm was detected. We
attributed deviation from the failure of the calibration method. The molecular weight (MW)
distributions were very narrow as indicated by the Ɖ values measured by GPC. In most of the
polymerizations, the Ɖs were as low as 1.1 even at very high conversions (>90%), which were
close to those achieved in anionic polymerization. Indeed, the Ɖ value of the telechelic PIp was
slightly higher, but it was similar with other reports.77135 This data provides strong evidence of the
absence of side reactions, such as irreversible chain transfer to the benzyl chloride position. Based
on all these observations, it was concluded that Cl-CTA could be a universal CTA for controlled
polymerizations.
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Table 12: List of Polymerizations Mediated by Bz-CTA.
#

M

Reaction Time
(Hours)

a

[M]0:[CTA]:[I]0

conv.

DPtheo

DPexp

(:[Solvent])a

MWGPC

Ɖ

(g/mol)

CTA
conv.

1

St

30

100:1:0.07

34%

34

45

4.5k

1.19

84%

2

4CMS

29

100:1:0.08

46%

46

85

9.5k

1.34

72%

3

4CMS

50

100:1:0.09

65%

65

98

10.9k

1.32

83%

4

2VP

7

100:1:0.08

45%

45

83

6.1k

1.26

79%

5

nBA

14

150:1:0.08(:100)

89%

134

138

18k

1.08

>98%

6

NIPAAm

25.5

113:1:0.12(:552)

95%

107

N.D.

19.6k

1.12

>98%

7

Ip

20

182:1:0.1

N.D.

-

31

3.1k

1.28

-

Chlorobenzene and DMF were used as the solvents for nBA and NIPAAm, respectively.
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Similar investigation was conducted on DVB-CTA as shown in the middle section of Table
11. Low Ɖ values and were observed in all of the polymers, indicating the full conversion of CTAs
and the absence of side reactions. Again in most cases, good conformance between DP exp and
MWGPC values was obtained. It was rationally concluded that complication in architecture did not
sacrifice the efficiency of the CTA.
F5-CTA was applied in mediating polymerizations as well. The resulting polymers all
revealed similar low Ɖ values and excellent agreement between DPtheo, DPNMR, and MWGPC. To
certify the inertness of the fluorinated terminus, a representative polymerization mixture was tested
by 19F NMR. Only three broadened peaks were displayed at similar chemical shifts with those of
F5-CTA (Figure 118). It was concluded that the pentafluorophenol ether group was preserved
during the polymerization.

Figure 118: 19F NMR Spectrum of F5-P2VP Polymerization Mixture.
For comparison, Bz-CTA was applied in similar polymerizations (Table 12). However,
significant mismatching between MWs by 1H NMR, GPC, and conversion, were observed in St,
4CMS, and 2VP polymerizations. The deviation indicated partial consumption of the CTAs. It was
visualized by the yellow solutions after precipitating polymerization mixtures (Figure 119). More
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evidence was achieved by performing 1H NMR on the polymerization mixtures (Figure 120). It
was found that the DP measured by NMR was higher than that calculated from conversions of
monomer and CTA. This was caused by the fractionation effect in precipitation. It suggested that
the real MW should be slightly lower than MWGPC and the Ɖ was underestimated. On the contrary,
the polymerizations mediated by Cl-CTA, DVB-CTA, and F5-CTA resulted in quantitative CTA
conversions within experimental errors and precipitating these polymerization mixtures only
provided colorless solutions. In addition, broader MW distributions were obtained with St, 4CMS,
and 2VP mediated by Bz-CTA, which was directly related to the incomplete CTA conversions.
Since the CTAs were only slowly converted, new polymer chains were gradually generated during
the whole polymerization period, instead of fast generation of all the polymer chains in a typical
controlled polymerization. That led to a broad distribution of chain lengths. These experiments
demonstrated the importance of the extra methylene group at the benzylic carbon on controlled
polymerization of styrenic monomers, despite that the functional group on the phenyl ring might
provide minor effect on the polymerization control. This was because it provided a
hyperconjugation effect to further stabilize the transient benzylic radical. The stability of the
leaving radical is critical for successful RAFT chain transfer. Reflecting on the reports regarding
the loss of end-group functionalities, we speculate a partial contribution might be from the nonquantitative CTA consumption.294,295,299,322
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A)

B)

P4CMS Mediated by RAFT CTAs

Bz-CTA

1100

Bz-CTA

DVB-CTA

1300

DVB-CTA

1500

GPC Retention Time

Figure 119: Comparison between DVB-CTA and Bz-CTA.
A) The filtrate produced when precipitating polymers from the polymerization
mixture. B) The GPC traces of produced polymers.

Bz-CTA

Polymerization Mixture

Unconsumed
ArCH2S

Unconsumed
SCH2CH2
Consumed
SCH2CH2

Figure 120: 1H NMR of Bz-CTA and a Representative Polymerization Mixture.
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Next, the CTAs bearing more labile groups, i.e. alkyne and norbornene, will be discussed
(Table 13). These functional groups had been known to undergo radical additions. Hemitelechelic
polymers of St, 4CMS, and 2VP, were achieved with narrow dispersities at relatively high
conversions and excellent coincidence in MW analysis. However, the polymerizations of nBA and
NIPAAm seemed more complicated. In the case of Yne-CTA mediated nBA polymerizations, the
MW distribution slightly broadened at elevated conversions. However, this was not due to partial
CTA consumption, since DPexp still matched DPtheo. Investigating the GPC traces more carefully, a
high molecular weight shoulder was clearly observed. The MW at the peak of the shoulder was
measured to be precisely twice as high as that of the main peak (Figure 121). It should also be noted
that the shoulder observed in GPC continued to even higher MW. It indicated that the alkyne groups
underwent radical copolymerization, though its radical homopolymerization was extremely
difficult. This assumption was supported by previous research on the copolymerization of acetylene
with styrene and acrylate. It was found that 1-hexyne had significantly higher copolymerization
tendency with methyl acrylate than with styrene.323 This was explained by the monomer polarity
effect. Alkyne group was usually considered electron rich, and thus preferred to react with an
acrylate as a strong electron acceptor, instead of electron donating styrenics, weakly electron
accepting NIPAAm, or another alkyne. To suppress this phenomenon, the nBA conversions was
reduced to below 50% and unimodal MW distribution was restored.
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Table 13: List of Polymerizations Mediated by Yne-CTA and NBE-CTA.
#

M

Reaction

[M]0:[CTA]:[I]0

Time

(:[Solvent])

conv.

DPtheo

DPexp

MWGPC

Ɖ

(g/mol)

Yne-CTA

(Hours)
1

St

45

200:1:0.08

50%

100

103

10.4k

1.06

2

4CMS

27

100:1:0.09

51%

51

49

6.8k

1.08

3

4CMS

70

150:1:0.09

58%

87

87

10.5k

1.07

4

2VP

7.5

100:1:0.12

59%

59

62

5.1k

1.08

5

nBA

11

150:1:0.1(:100)

91%

136

133

21.3k

1.18b

6

nBA

5.5

150:1:0.11(:100)a

71%

107

108

15.3k

1.09b

7

nBA

11.5

200:1:0.07

55%

110

115

15.3k

1.08

8

nBA

6.5

302:1:0.07

47%

142

143

19.8k

1.08

9

NIPAAm

24

94%

94

91

19.4k

1.13

100:1:0.09(:524 )a
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#

M

Reaction

[M]0:[CTA]:[I]0

Time

(:[Solvent])a

conv.

DPtheo

DPexp

MWGPC

Ɖ

(g/mol)

NBE-CTA

(Hours)

a

1

St

78

200:1:0.08

63%

126

126

11.5k

1.05

2

St

42.5

200:1:0.09

44%

88

86

8.7k

1.07

3

4CMS

48

128:1:0.1

71%

91

N.D.

13.1K

1.08

4

2VP

15

100:1:0.08

66%

66

65

4.9k

1.09

5

nBA

19

256:1:0.08(:250)

83%

212

206

37.4k

1.21b

6

nBA

13.5

300:1:0.08(:150)

77%

231

220

37.7k

1.23b

7

nBA

19.5

100:1:0.03

23%

23

21

3.3k

1.12

8

NIPAAm

24

101:1:0.1(:503)

91%

91

94

21.8k

1.18b

9

NIPAAm

18

101:1:0.1(:503)

16%

16

15

4.0k

1.17

Here 1,4-dioxane is used as the solvent, while in other cases chlorobenzene and DMF were used for nBA and NIPAAm, respectively. bHigh MW

shoulder was observed
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NBE-PnBA206
Yne-PnBA143
Yne-PnBA108
NBE-PnBA21

Figure 121: GPC Traces of PnBA.
The radical addition to NBE group was even more severe. Despite that styrenic
polymerization mediated by NBE-CTA persisted to be unimodal in MW distribution, at high
conversions NBE-nBA polymers resulted in very large high MW shoulder in GPC profiles (Figure
121). An observable high MW fraction was also found in NBE-PNIPAAm. This was because the
highly strained C=C bond endowed norbornene with remarkably larger polymerization tendency
than alkyne in a radical mechanism. 324,325
Another interesting side reaction should not be neglected in NBE-P4CMS. Suggested by
H NMR spectra, the intensity of the C=C bonds in NBE slowly diminished, although very low Ɖ

1

values were still achieved. However, this side reaction was observed with neither St nor 2VP. It is
possible that the benzyl chloride group was slowly hydrolyzed with moisture to generate HCl,
which quickly saturated the strain C=C bond in norbornene.
Controlled polymerizations mediated by multifunctional CTAs were also conducted. The
results are listed in Table 14
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Table 14: List of Polymerizations Mediated by Multifunctional CTAs.
#

Yne-Cl-CTA

Yne2-TTC2

Cl3-TTC3

a

M

Reaction

[M]0:[CTA]:[I]0

Time (Hours)

(:[Solvent])a

conv.

DPtheo

DPexp

MWGPC

Ɖ

(g/mol)

1

St

48

200:1:0.08

54%

108

104

11.1k

1.08

2

tBS

22.5

200:1:0.08

46%

92

91

13.4k

1.10

3

nBA

14

200:1:0.06(:300)a

67%

134

128

18.5k

1.09

1

tBS

48

240:1:0.12(:240)a

39%

94

101

13.8k

1.13

2

St

37

300:1:0.09

47%

141

139

13.2k

1.11

3

2VP

18

302:1:0.13

62%

187

180

12.1k

1.10

1

nBA

14

602:1:0.25:(:600)a

85%

513

528

68.4k

1.17

2

St

120

1200:1:0.11

42%

504

474

46.1k

1.13

3

St

72

601:1:0.08

61%

367

348

30.0k

1.16

Chlorobenzene is used as the solvent for nBA, while 1,4-dioxane is used for tBS.

217

7.3.3 Reactions of End Functionalities
Copolymers with complex architecture captured a lot of research interests, thanks to their
unparalleled potentials in designing nanostructures. Herein, a few examples of the synthesis of
complex copolymers using the CTAs prepared in this chapter are given.
The first attempt was to synthesize symmetric BAB and CBABC multiblock copolymers
using DVB-CTA. The BCPs were synthesized using sequential the polymerization-purification
process, with the A monomer polymerized first as the center block followed by B and C. The
symmetric PSt-b-PnBA-b-P(St-ran-4CMS)-b-PnBA-b-PSt pentablock copolymer was synthesized
as an example. Very narrow MW distributions (Ɖs ≤1.12) were detected after each step of
polymerization (Figure 122). This indicated the trithiocarbonate end-group was highly persistent.
The higher MW shoulder was caused by minor bimolecular termination, however, the overall MW
distribution remained very narrow. It should be noted that the AIBN feed ratio were kept low to
minimize the generation of free polymer chains that were not attached to phenylene center group.

— P(St-ran-4CMS)
— PnBA-b-P(St-ran-4CMS)-b-PnBA
— PSt-b-PnBA-b-P(St-ran-4CMS)-b-PnBA-b-PSt

GPC Retention Time

Figure 122: GPC Traces of PnBA-b-P(St-ran-4CMS)-b-PnBA-b-PSt.

218

The benzyl chloride functionalities may also be versatile in applications. The chloride was
transformed into azido functionality for subsequent “click” incorporation of another block. A ClPSt sample was first subjected in trithiocarbonate removal, as it was discovered to be highly
reactive with azide anion.272 The trithiocarbonate terminated polymer was allowed to react with a
large excess of AIBN and two equivalents of lauroyl peroxide. This reaction replaced the
trithiocarbonate with an inert group, i.e. 2-cyanoisopropyl. During this process, a small high MW
shoulder was indeed observed. It was attributed to minor bimolecular termination. Negligible shifts
in MW and Ɖ were detected by GPC, indicating the absence of chain cleavage and other side
reactions. Then nucleophilic substitution was conducted with NaN3 at 60oC to incorporate an azido
group while eliminate the chloride. The conversion of the substitution reaction was determined to
be quantitative by 1H NMR. After these procedures, an alkyne terminated polyethylene oxide (YnePEO) was installed onto the α terminus, by the Cu(I) catalyzed “click” reaction at room temperature.
Following the removal of catalyst, excess PEO was easily eliminated by selective dissolution.
Analysis by GPC was utilized to find a uniform shift in MW and a preserved narrow MW
distribution (Figure 123). The low MW tail was attributed to the PSt chains that were initiated by
AIBN and without Cl functionality.326 This can be suppressed by reducing the initiator input in the
controlled polymerization. Analysis by NMR measurements confirmed the complete conversion of
the benzyl azide group and a good match between the PSt and PEO MWs. It was proved that the
azido terminus had very high reactivity and well defined PEO-b-PSt was prepared.
To prepare more complex polymer, the Cl-PSt was chain extended with nBA and St
successively to yield Cl-PSt-b-PnBA-b-PSt. Similar end-group modification reactions were
conducted. As displayed in the GPC plot (Figure 124), installing each block shifted the peaks
uniformly without broadening the dispersities. Excellent agreement between the MWs of each
blocks was revealed by NMR spectra. These all confirmed that the benzyl chloride group could be
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efficiently retained during multiple steps of radical processes and easily modified. So far Cl-CTA
was demonstrated to be a universally efficient tool to synthesize complexed polymer structures.
PEO-b-PSt
Mp = 19144
Purified PEO-b-PSt
Mp = 19081

N3-PSt
Mp = 11330
PEO-N3
Mp = 7791

GPC Retention Time

Figure 123: GPC Traces in PEO-b-PSt Synthesis.
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Figure 124: GPC Traces in PEO-b-PSt-b-PnBA-b-PSt Synthesis.
An alkyne is another useful functional group. Now to demonstrate this, the alkyne
terminated polymers were also used in multiblock copolymer synthesis. These alkyne
hemitelechelics seemed more convenient for “click” reactions, if the azido species were readily
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available. The removal of trithiocarbonate terminus could be unnecessary, when the reactants and
procedures were carefully selected. Transformation of the α end-group was naturally avoided. First,
the Yne-PSt was chain extended with nBA to form Yne-PSt-b-PnBA. Here, the polymerization of
nBA was carefully controlled at very low conversion so that radical addition to alkyne units was
prevented. Then the polymer was utilized in “click” reaction with azido-PEO at room temperature.
Complete conversion of the alkyne group was easily achieved as proved by 1H NMR spectra. After
passing the DCM solution through Al2O3 column and precipitation, the precipitated powder was
stirred in H2O:MeOH = 3:1 (v:v) mixture to isolated the product. It showed narrow MW distribution
(Figure 125).and precise compositional coincidence.

Purified PEO-b-PSt-b-PnBA
Mp = 19636

Yne-PSt-b-PnBA
Mp = 12091

PEO-b-PSt-b-PnBA
Mp = 19347

Yne-PSt
Mp = 10385
PEO-N3
Mp = 7791

GPC Retention Time

Figure 125: GPC Traces in PEO-b-PSt-b-PnBA Synthesis.
Another example was based on a diblock copolymer, Yne-PSt-b-P2VP, which was
synthesized by two steps of RAFT polymerization. Although P2VP was known to coordinate
strongly with Cu(I) cation, the “click” reaction still proceeded successfully to full conversion of
the alkyne moieties. However, the purification workup should be cautiously undertaken. Simply
stirring the polymer powder in H2O:MeOH = 3:1 (v:v) mixture was able to isolate well-defined
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triblock copolymers by dissolving the residual PEO (Figure 126). But extended interaction time
between the solid and liquid resulted in broad MW distribution revealed by GPC tests, where higher
MW appeared. It was explained by the fact that the pyridine group in P2VP could react with water
to produce a trace amount of pyridinium and hydroxide. Hydroxide anion was so nucleophilic that
it cleaved trithiocarbonates, and the resulted free thiol was capable of forming disulfide bonds to
alter the overall MW. This is where replacing the trithiocarbonate with an inert group might be
necessary.

Yne-PSt-b-P2VP
Mp = 15218
Yne-PSt-b-P2VP
Purified PEO-b-PSt-b-P2VP
Mp = 10385
Mp = 22276
PEO-b-PSt-b-P2VP
Mp = 22351

PEO-N3
Mp = 7791

GPC Retention Time

Figure 126: GPC Traces in PEO-b-PSt-b-P2VP Synthesis.
The NBE hemitelechelics were also examined. Among the wide range of chemical
reactions involving NBE, Ring-Opening Metathesis Polymerization (ROMP) was performed,
where the NBE polymers acted as macromonomers (MM). Grubbs 3rd generation catalyst (G3) was
used for its fast initiation kinetics. In this test, NBE-PSt was used in the ratio of [MM]:[G3] = 10:1.
After 10 minutes, MM conversion was found to be around 96% based on the integration of GPC
profiles. Extended reaction time failed to increase the conversion. The unconverted MMs were not
attributed to side reactions on the NBE group. Instead, they were assigned to the non-functional
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polymer chains initiated by the radicals from AIBN decomposition. Surprisingly, the resulting graft
polymer displayed very narrow MW distribution (Ɖ = 1.19 for the Poly(NBE-PSt) peak), without
any high MW shoulder being observed in GPC traces (Figure 127). This was to the contrary with
a previous report,327 and likely because of the low feed concentration of AIBN used in this chapter,
which suppressed the formation of di-norbornene telechelic polymers.

Poly(NBE-PSt)

NBE-PSt

GPC Retention Time

Figure 127: GPC Traces in Poly(NBE-PSt) Synthesis.
The synthesis of miktoarm star copolymer is briefly discussed here. Using Cl3TTC3 as the
CTA, Cl3(PSt)3 was synthesized. Beside a narrow, symmetric major peak in the GPC profile,
another low MW shoulder was observed. This was attributed to the free arm fraction as described
in Chapter 5. It should be noticed that the free arm polystyrene had no benzyl chloride functionality,
due to the fact that the benzyl chloride group was a part of the leaving group that does not shuttle
between chains in RAFT mechanism. When calculating the DP of Cl3(PSt)3, NMR was combined
with GPC measurement to give a more accurate value. Since end-group analysis in NMR assumed
every polystyrene arm had one trithiocarbonate group, which resulted in DPNMR = 235*3 and was
not accurate, the number of styrene units in the free arm fraction was integrated into the star fraction.
The free arm peak area fraction was measured by GPC to be 8.6%, and then used as the percentage
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of overestimation in NMR results. Subtracting the free arm fraction gave a more realistic value of
the DP in the pure star polystyrene being 215*3. The trithiocarbonate cleavage reaction produced
narrow dispersed, indicating the suppression of side reactions, such as bimolecular radical coupling.
After azide incorporation, the (N3)3(PSt_ER)3 was applied to “click” reaction with Yne-PMMA_ER
(DP = 120), which was synthesized by RAFT polymerization mediated by Yne-Ester-CTA and
sequential trithiocarbonate cleavage. The resultant polymer was a mixture of (PMMA)3(PSt)3, YnePMMA_ER, and PSt_ER, which was easily purified by washing with diethyl ether/hexanes (1:1 =
v:v) and acetonitrile/MeOH (1:2 = v:v). The purified PMMA3PSt3 showed a narrow peak in GPC,
where the high MW shoulder was due to minor intermolecular bimolecular radical coupling, while
the low MW shoulder was attributed to an intramolecular termination product (Figure 128). The
ratio of polystyrene and PMMA units were well matched with theoretical values, as shown in
Figure 129, the peak between  = 3.4 and 3.7 ppm was assigned to COOCH3, while the peak
between  = 6.3 and 7.3 ppm was attributed to aromatic protons in polystyrene.

— Alkyne-PMMA_ER
— Cl3(PSt)3
— Cl3(PSt_ER)3
— (N3)3(PSt_ER)3
— (PMMA)3(PSt)3
—(PMMA)3(PSt)3 purified

GPC Retention Time

Figure 128: GPC Traces in (PMMA)3(PSt)3 Synthesis.
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Figure 129: 1H NMR Characterization of (PMMA)3(PSt)3.

7.4 Conclusions
A family of RAFT CTAs are reported in this chapter. They were synthesized via single
monomer insertion methodology to introduce functional groups in high yields. Representative
monomers were polymerized in the presence of the functional CTAs. By comparison with Bz-CTA,
it verified the necessity of the designed chemical structure on controlling the polymerization of
styrenic monomers. The controlled polymerization mediated by Yne-CTA and NBE-CTA were
carefully investigated. It was found that controlling the conversion of nBA and NIPAAm was
critical for obtaining well-defined products. End-group transformation was utilized to demonstrate
the preservation of reactivity of the incorporated functionalities. Highly efficient reactions were
utilized to prepare multiblock copolymers and graft copolymers. In summary, single monomer
insertion can be used as a universal platform for high-efficiency synthesis of functional RAFT
CTAs and sequentially applied to produce complex polymer architectures.
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CHAPTER 8

DISSERTATION SUMMARY AND FUTURE DIRECTIONS

8.1 Dissertation Summary
At the beginning of this dissertation, the need for developing fuel cells was addressed
because their high power density and reduced emission provide a promising pathway to provide an
alternative energy source which may be able to help fill in the gap between energy demand and
fossil fuel reserves, as well as limiting global warming. Proton exchange membrane fuel cells were
discussed, and the advantages of alkaline anion exchange membrane fuel cells over proton
exchange membrane fuel cells were the motivation for this dissertation. In literature, polymeric
anion exchange membranes with various architectures were reported, such as random copolymer,
block copolymers, and crosslinked polymers. However, the correlation between conductivity and
material structure, for example, nanoscale morphology, ion organization, crystallinity in the
hydrophobic block, is not well understood. This limits the development of high performance
membranes for alkaline anion exchange membrane fuel cells.
In Chapter 2, a series of crosslinked membranes were prepared using a one-step
cast/crosslink method, from a neutral precursor, which was synthesized by sequential RAFT
polymerization and “click” chemistry. In the quaternized membrane, cationic monomers were
covalently linked together. It was demonstrated, by comparing membranes with different
compositions, that the organization of ions in the crosslinked membranes can significantly enhance
anion conductivity rather than the nanoscale morphology. Excellent hydroxide conductivities were
achieved, which were among the highest values ever observed. High performance were obtained
on these membranes in fuel cell and water diffusion tests. This work provided a general method to
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introduce organization of the functional sites in a crosslinked membrane, and could be widely
useful for other transport/separation materials.
Next, block copolymers with phosphonium ions were synthesized by RAFT synthesis of
CMS and isoprene based block copolymers and quaternization reaction in Chapter 3. Well-ordered
morphologies were achieved. It was found that the ionic blocks preferred to self-assemble into the
continuous phases upon solvent cast, evidenced by SAXS and TEM, which was presumably due to
the bulky size of phosphonium side group and the charge density. The matrix of hexagonal phases
was proved to transport anions significantly faster than lamellae, which expanded the understanding
of block copolymer morphology impact on ion conduction.
A special CTA was designed in Chapter 4 to mediate RAFT and ROMP polymerization,
which enabled the synthesis of triblock copolymers with a PCOE midblock and PCMS outer blocks.
The broad MW dispersity in PCOE block led to poorly ordered morphologies, which, however,
provided excellent ion conductivities. It was found that the melting transition (~50 oC) of PCOE
had important influence on membrane properties. The swelling mechanisms were different:
compared with the swelling at 30 oC, upon hydration the membrane had significant increase in the
inter-domain interface area and thus showed d-spacing decrease until a certain degree of water
sorption. The conductivities showed a decrease in the activation energy, when the temperature was
increased to above the Tm of PCOE, as well as the loss of mechanical toughness. Although the
mechanism of these transitions were not yet fully understood, these materials demonstrated the
thermal transition of hydrophobic block can significantly affect both molecular and segmental
motion in the hydrophilic domain.
In Chapter 5, star block copolymers were synthesized via RAFT polymerization technique
and doped with inorganic salts. The doped polymer were subjected to bulk morphology
investigation to demonstrate the concept of adopting polymer architecture to achieve facilitated
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microphase separation and smaller feature sizes. In thin films of these salt doped BCPs, SVA was
utilized to align the lamellae perpendicular to the substrate to achieve finger print patterns with a
d-spacing as small as 12.4 nm.
To achieve hierarchical patterns on a single BCP thin film, an ONB junction containing
triblock copolymer, EO-hv-SEO, was designed in Chapter 6. Upon UV exposure and sequential
SVA, the spacing can be changed for as much as 30%, which was a result of both architecture
change and homopolymer swelling. The advantage of this method is that it needs no incorporation
of additional monomers, and it is compatible with many monomers that have been used in thin film
study.
In Chapter 7, a methodology of RAFT CTA synthesis taking the advantage of the selective
initiation phenomenon was investigated. Multiple CTAs were synthesized and applied to controlled
radical polymerization. It was demonstrated that this method provides a simple procedure and high
yields, and most importantly, can incorporate multiple functional group in an orthogonal manner.
It was noted that the chemical structure is important for controlled polymerization of styrenic
monomers, by comparison with benzyl butyl trithiocarbonate. Using end-group transformation
reaction, these RAFT CTAs were proved to be useful in obtaining complex polymer architectures.

8.2 Future Directions
8.2.1 Perspective on Chapter 2
The membrane presented in Chapter 2 displayed excellent performance, such as
conductivity, water flux, and fuel cell power density. Considering the integrity imparted by the
crosslinked network, this material can be a promising candidate for many applications.
One aspect that may need more work on is the chemical stability, although it was found
that the membrane showed no obvious degradation after 24 hours in KOH aqueous solution at 80
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C. Various cations have been demonstrated to provide improved base stabilities than benzyl

trimethyl ammonium used in this dissertation, such as benzimidazolium and phosphonium.16,32,128
However, considering neutral precursor polymer is necessary in the membrane formation process,
it is recommended to incorporate ammonium with an alkyl bridge14 or modified
imidazolium69,328,329 by post-casting/crosslinking quaternization. One proposal neutral precursor
polymer and the corresponding membrane is shown in Figure 130.
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Figure 130: Proposed Structures for Improved Chemical Stability.
It is also possible to further improve the conductivity in this material. It was proposed in
Chapter 2 that there was an ion conducting channel along the hydrated polycation chain, and thus
increasing the ion density along the polycation chain should create a better-defined ionic transport
pathway. For example, poly(phenyl oxide) could be brominated on all the methyl groups or
installed with chloromethyl or 6-chloro-1-hexyl side groups on all the available phenyl
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sites,17,19,25,29 and thus there will be two alkyl halide groups for quaternization on each monomer
unit (Figure 131).
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Figure 131: Proposed Structures for Improved Ion Conduction Channel.

8.2.2 Perspective on Chapter 3
It was found that the phosphonium block copolymers had usually high values of activation
energy, which was attributed to the inadequate amount of water molecules absorbed to the ionic
domain. Thus, increasing the hydrophilicity may intensely ameliorate the ion conduction. In the
synthesis, random copolymer structure was used to increase the solubility and reduce the brittleness
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of the ionic block. A directly change would be to use a different comonomer instead of
chloromethylstyrene or styrene. Here, it is proposed that a random copolymer of butadiene and
chloromethylstyrene can be synthesized via nitroxide mediated polymerization (NMP) in the first
step.330,331 Then the C=C bonds in polybutadiene segments can be readily oxidized into epoxides
using 3-chloroperoxybenzoic acid,332–334 as shown in Figure 132. It should be noted here that NMP
has to be used instead of RAFT, considering the reactivity of thioesters based CTAs with peroxy
acids.335 After epoxidation, chain extension with butadiene is expected to yield well-defined block
copolymers. Finally, quaternization of CMS and hydrolysis of epoxide are to be undertaken to
convert the first block into phosphonium block bearing multiple hydroxyl groups. However, the
sequence of quaternization and hydrolysis should be investigated. In addition, it might be better to
use acid (HCl is recommended) catalyzed hydrolysis to avoid interrupting the benzyl chloride or
phosphonium groups. By adjusting the mole ratio of CMS and butadiene in the first block, and the
extent of epoxidation, the hydrophilicity of the ionic block can be systematically tuned and
optimized chemical composition can be found.
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8.2.3 Perspective on Chapter 4
A series of membranes based on triblock copolymers were presented in Chapter 4. The
melting transition of PCOE block was shown to affect the membrane properties significantly.
However, the mechanism of conductivity transition was not fully understood. Broadband electrical
spectroscopy (BES), as a powerful tool being operational in the temperature and frequency range
of -105~100 oC and 0.01~107 Hz, has been used to understand the electric response and dielectric
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relaxations of materials in various hydration states.336–339 It is expected that BES measurement can
reveal more details on the segmental motion and ion mobility.
A direct comparison between low Tg and high Tg polymer as the hydrophobic can be
designed in similar manner. Isobutyl methacrylate, ethyl methacrylate, and benzyl methacrylate are
optional monomers for the hydrophobic block in a synthetic diblock copolymers because of a few
reasons, despite that they are not base stable. First, they are all relatively non-polar monomers and
thus should microphase separate strongly from the ionic block, which should facilitate the
correlation between morphology and properties. Also, they are readily polymerizable by controlled
radical polymerization techniques, which should facilitate the synthesis of well-defined diblock
copolymers. Most importantly, the homopolymers of them are show accessible glass transition
temperatures (53 oC, 65 oC, and 54 oC,) in the typical operation temperature range (30~90 oC) of
alkaline anion exchange membrane fuel cells. So it is expected that a transition in membrane
performance related to glass transition or fictive temperature can be directly detected within the
typical temperatures used in this dissertation.
It also suggested that a reduced Tg in the ionic block should facilitate the investigation
under low humidity conditions, since in a high Tg material, the morphology and chain conformation
is highly dependent on the processing conditions and thus difficult to isolate the effect of the
thermal transition in hydrophobic block. This can be accomplished by polymerizing a carefully
selected ionic liquid monomer or synthesizing a random copolymer of ionic/ionizable monomer
and lower Tg monomer, such as 2-methoxyethyl acrylate, 2-ethoxyethyl acrylate, and n-butyl
acrylate. These monomers can be readily polymerized, and also possess relatively low molecular
weight, thus copolymerizing which would not change the hydrophobilicity dramatically in the ionic
block. The Tg of the homopolymers are -50 oC, -50 oC, and -54 oC, respectively.
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In addition, these PCOE based block copolymer may also find applications in shape
memory materials. It is known that at the molecular level, the maximum number of temporary
shapes a shape memory polymer can memorize correlates directly to the number of discrete
reversible phase transitions in the polymer.340,341 Since the polycyclooctene domain has a readily
accessible Tm, using the melting/crystallization transition a permanent shape can be stored. At the
same time. poly(vinylbenzyl trimethyl ammonium) block has a high Tg but responsive to
environmental humidity, which plasticizes the polycation domain to reduce the Tg to below room
temperature, and thus another permanent shape can be stored in the ionic domain. This should
impart the material at least triple shape memory, since the thermal and humidity responses can be
effectively treated as orthogonal signals.342–344 One advantage of the PCOE triblock copolymer
materials is that the segregation is strong, which reduces phase mixing and ensures distinct
behaviors of these two domains. Another advantage is that these materials are in poorly ordered
lamellar morphologies, which guarantees the material isotropy.

8.2.4 Perspective on Chapter 5
This work was originally targeted for investigating the bridge forming polycation chains
affecting membrane performance. It has been proposed that in a high hydrated (i.e. soaked in liquid
water) ionic block copolymer membrane, part of the absorbed water will phase separate from the
ionic block segment with a free chain end to form a water-rich (ion-poor) domain sandwiched
between polyion/water layers.187 This water-rich domain was claim to be beneficial for ion
conductivity, although it was not conclusive. It is possible that the observed conductivity
enhancement was merely a result of increased water sorption.345,346 We propose that when the
polycation segments forms bridges with both ends anchored to different interfaces of a hydrophilic
domain interface, they always have segments placed in the middle of the domain and thus can
suppress the formation of water-rich (ion-poor) layer.
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Figure 133: Polymer Architecture Affecting Water Distribution.
This can be realized by comparing ionic diblock copolymers with other architectures. It
was predicted that in an ordered lamellar phase, symmetric triblock copolymers should have 40~50%
of the midblocks forming bridges across the domain with the rest in loop conformation,200 while
adopting star block copolymer architecture can further increase the ratio of bridge forming coreblocks (>90% for a 6-armed star block copolymer), as shown by Dissipative Particle Dynamics
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simulation technique.347 This means by changing polymer architecture, the ratio of bridges can be
varied in a broad range. Thus, membranes based on triblock and star ionic block copolymers with
the ions in the mid/core-block should have different structure in the hydrophilic domain, compared
to diblock membranes (Figure 133). Comparing the conductivities or diffusivities in these
membranes is expected to give a clear understanding of the water-rich domain effect on ion
conduction, especially when the hydration level is held constant. Using these polymers, it is also
possible to investigate how the bridges affect the swelling behavior.
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Figure 134: Synthesis of an Example Alkoxyamine.
This proposed investigation was not successfully conducted because of the failure in
material mechanical integrity, while the necessity of understanding water-rich domain effect is still
urgent for the general structure-property correlation in transport/separation materials assisted by
hydration.10,348 It is expected that using hydrogenated polyisoprene or polybutadiene (effectively
poly(methyl butylene) or polyethylene) to replace PnBA can largely increase polymer
entanglements and thus the mechanical toughness. Before selective hydrogenation on the nonaromatic C=C bonds, NMP can be used to polymerize isoprene or butadiene to achieve relatively
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high MW and narrow distribution, where special alkoxyamines are required and can be synthesized
using a previously reported method (Figure 134).331,349–351

8.2.5 Perspective on Chapter 6
Polyhedral oligomeric silsesquioxane (POSS) containing BCPs can be very useful in block
copolymer lithography. Similar to polydimethylsiloxane, when coupled with a normal organic
block, they can provide a distinct selectivity in react ion etching (RIE).352,353 On the other hand, the
POSS block in BCP thin films has a much lower preference to form a skin layer.354 This provides
an opportunity of using this polymer for direct patterning.
It is proposed here, using methacrylate or styrenic monomer bearing a POSS side group,
polystyrene-ONB-poly(POSS)-b-polystyrene can be synthesized using the method described in
Chapter 6. When the polymer is exposed to UV, it is expected that a polystyrene block can be
effectively cleaved, thus the volume fraction in the block copolymer can be tuned. By carefully
designing the chemical compositions, it is possible to switch the block copolymer morphology from
lamellar to cylindrical. When this material is subjected to thin film self-assembly, upon regional
UV treatment and sequential washing with selective solvent, it is possible to achieve different POSS
block volume fractions in desired areas. Finally, a solvent vapor annealing step could result in line
pattern (perpendicular lamellae) in the unexposed area and dot patterns (perpendicular cylinders)
in the UV treated regions. Using RIE, these hierarchical patterns can be directly converted into
nano silica lines/dots.

8.2.6 Perspective on Modified Domain Interface for BCP AEMs
Block copolymers are known to microphase separate, when the incompatibility is strong
enough between each block. However, there is always a certain degree of phase mixing at the
interface, the thickness of which was estimated to be at least a few nanometers. 192,355 This means
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the interface can have effects on ion transport phenomena, which should be reckoned. In anhydrous
ion transport membranes based on polystyrene, it was found that the microphase separated block
copolymers exhibited relatively low conductivities, when the ionic domains had smaller thickness,
compared with samples with larger domain size.193,356–358 The scientists attributed this effect to that
in these samples, the interface was the dominating part in the ionic domain and the ion mobility
was largely limited by the mixed polystyrene chains. It was also point out that the interface affects
ion distribution and chain conformation, which are also important factors in ion conduction. 359–361
Similarly in water-assisted ion transport materials, it was observed that block copolymers with
thinner ionic domain provided lower conductivity values,115,362 which is in good agreement with
our observation in Chapter 4. This was also believed to be related to the domain interfaces, although
it was not fully understood yet. Possibly some ions are embedded in hydrophobic chains and thus
can barely contribute in conductivity. Moreover, it was recently reported that the water molecules,
as the vital factor in these materials, prefers to distribute in the center of the ionic domain rather
than at the surface hydrophobic domain.187 This means, the BCP membranes has a heterogenous
hydration level across the hydrophilic domain, and thus, the ions close to and far away from domain
interfaces should have different mobilities.

With Interface
Modification

Without Interface
Modification

Figure 135: Scheme of Domain Interface Modification.
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Herein, it is proposed that the domain interface can be engineered to enhance the mobility
of the ions nearby. For example, a short block that is highly hygroscopic can be added between
polychloromethylstyrene and polystyrene, polyethylene, polybutadiene, or polymethylbutylene,
which should reside at the original diblock domain interface and may bring two possible advantages
(Figure 135). First, excess water could be absorbed by this hygroscopic block to enhance the local
hydration level. In addition, the ions near the interface are now more separated from the
hydrophobic domain and more likely to be surrounded by the hygroscopic segment. These two
features are expected to facilitate ion motion near the interface. Poly(ethylene oxide) and poly(vinyl
alcohol) can be good candidates, however, it requires difficult chemistry work to incorporate them.
A newly reported monomer, 4-vinylphenyloxirane (4VPO), can be easily synthesized and
polymerized using controlled radical polymerization techniques.363–365 After the synthesis of
polyCMS-b-poly4VPO-b-polybutadiene, the 4VPO units can be hydrolyzed (with an acid catalyst)
into diols, the structure of which is shown in Figure 136. Finally, the block copolymer can be
quaternized with either trimethylamine or Ar3P.
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APPENDIX A
ADDITIONAL CHARACTERIZATION IN CHAPTER TWO
1. Schematic of Experimental Setup in Water Vapor Flux Test
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Figure 137: Experimental Setup of Water Flux Test.
2. Water Vapor Flux Testing Results at 35 oC
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Figure 138: Water Flux Data.
3. Water Diffusion Coefficient in Different Anion Forms at Room Temperature
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1

Table 15: Water Diffusivities in DXCAm-7%-2.0.
Anion

Diffusivity (* 107 cm2/s)

BF4-

0.98 ±0.44

NO3-

3.79 ±0.54

CO32-

5.68 ±0.96

HCO3-

5.45 ±1.17

Cl-

7.93 ±0.71
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APPENDIX B
ADDITIONAL CHARACTERIZATION IN CHAPTER THREE

1. Thermogravimetric analysis on a homopolymer of styrenic BzAr3P+ClSample: Calcium Oxalate Monohydrate
Size: 17.6070 mg
Method: RT-->1000°C @ 20°C/min
Comment: N2 Purge=100mL/min

File: C:\TA\Data\TGA\TGA-Caox.001
Operator: Applications Laboratory
Run Date: 10-May-1995 07:55
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Figure 139: Thermogravimetric Test of Phosphonium Homopolymer.
2. Additional SAXS Profiles
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Figure 140: SAXS Profile of AEM 3.
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Figure 141: SAXS Profile of AEM 4.
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AEM 5 at dry state
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Figure 142: SAXS Profile of AEM 5.
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Figure 143: SAXS Profile of AEM 6.
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Figure 144: SAXS Profiles of AEM 9, 10, and 11.
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Figure 145: SAXS Profile of AEM 12.
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Figure 146: SAXS Profile of AEM 13.

AEM 14 at dry state
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Figure 147: SAXS Profile of AEM 14.
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Figure 148: SAXS Profile of AEM 15.
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APPENDIX C
ADDITIONAL CHARACTERIZATION IN CHAPTER FOUR

1. Fourier Transformed Infrared Spectrum of a Representative TAEM
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Figure 149: FT-IR of a Quaternized TAEM.
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2. Additional SAXS Profiles on TAEMs
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Figure 150: SAXS Profiles of TAEM 1.
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Figure 151: SAXS Profiles of TAEM 4.
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Figure 152: SAXS Profiles of TAEM 5.
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Figure 153: SAXS Profiles of TAEM 6.
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Figure 154: SAXS Profiles of TAEM 8.
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Figure 155: SAXS Profiles of TAEM 10.
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Figure 156: SAXS Profiles of TAEM 11.
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Figure 157: SAXS Profiles of TAEM 12.

252

2

3

4

5 6

3. Representative Conductivity on a Sample of AEM 9 showing the reproducibility.

Figure 158: A Representative Conductivity Test on a Sample of TAEM 9.
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